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The increasing levels of fecal pollution in recreational waters is becoming a major 
concern since it poses a health risk and has negative impacts on aquatic life and the 
economy. The major threats to water quality come from point sources such as 
combined sewer overflows (CSO) and sanitary sewer overflows (SSO). The most 
sustainable solution is to stop the problem at the source, therefore, treatment of the 
overflows using ozonation is the subject of study in this thesis. Culture-dependent 
methods (IDEXX Colilert) are currently being used by regulatory agencies but due to 
several disadvantages of these methods culture-independent methods are gaining more 
popularity. The objective of this research was to develop a culture-independent method 
using quantitative real time polymerase chain reaction (qRT-PCR) that is known for 
detecting only viable cells for RNA analysis and compare it to other culture-independent 
methods (DNA and PMA treated DNA (pDNA)) as well as culture-depend methods on 
control and ozone treated samples. The developed methods were validated with E. coli 
by targeting the 23S rRNA gene. Further, these methods are tested on raw and primary 
wastewater before and after ozone treatment with multiple indicator markers (fecal 
indicator bacteria, microbial source tracking markers, and pathogens) using a 
nanofluidic open array. Overall, pDNA and RNA methods were better correlated with 
culture-based methods compared to DNA when tested on ozone treated samples and 
therefore are better for quantifying viable cells. The nanofluidic open array proved to be 
a faster tool for quantifying disinfection efficiencies based on DNA, pDNA, and RNA. 
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CHAPTER 1: STUDY INTRODUCTION 
General Introduction 
Approximately 21% of the earth’s fresh surface water and 84% of North America’s 
fresh surface water is supplied by the Great Lakes (United States Environmental 
Protection Agency, 2019). These water bodies support a variety of rich ecosystems and 
provide opportunities for drinking water, food, as well as economic growth (Ministry of 
the Environment, Conservation and Parks, 2019). The areas surrounding the Great 
Lakes are densely populated with approximately 30 million people and as a result the 
water is becoming increasingly contaminated by untreated sewage, pharmaceuticals, 
chemicals, and nutrients from agricultural runoff (United States Environmental 
Protection Agency, 2019). 
Great Lakes Importance 
Surrounding the Great Lakes basin is approximately 10% of the United States 
population and 30% of the Canadian population. The Great Lakes support one quarter 
of the Canadian agricultural production and 7% of the American farm production. 
Additionally, they provide water for consumption, transportation, recreation, and power 
generation (United States Environmental Protection Agency, 2019).  
More than 1,300 beaches are located along the Great Lakes and they are being 
negatively impacted by fecal contamination, which threatens human health and the 
environment. It also results in recreational losses, particularly impacting local 






Beach Water Contamination 
When the bacteria levels are too high, beaches must be closed in order to ensure 
that people are not exposed to bacteria and pathogens (disease-causing organisms). 
Microbial contamination comes from both point and non-point sources, however, point 
sources are the greatest contributors to beach contamination. Non-point sources are 
diffuse and spread out over a wide area, therefore, they are difficult to monitor and even 
more difficult to implement treatment. These sources include urban and rural 
stormwater runoff, polluted groundwater, as well as bird and animal waste (United 
States Environmental Protection Agency, 2018). Point sources are discharged at a 
specific location into a nearby water body. Since their source can be identified it is 
easier to implement treatment to stop the problem at the source, which is the most 
sustainable and economical option. Point sources include combined sewer overflows 
(CSOs), sanitary sewer overflows (SSOs), and treatment plant bypasses.  
A combined sewer system (CSS) conveys stormwater runoff and sanitary 
wastewater (WW) through a single pipe to the treatment plant (United States 
Environmental Protection Agency, 2018). Problems with this system design arise during 
wet weather events, such as rainfall or snowmelt, since the CSS and/or treatment plant 
capacity may become exceeded (Ministry of the Environment, Conservation and Parks, 
2016). Over the years extreme weather events from climate change have become more 
of an issue due to high levels of rain and flooding and the number of CSO events per 
year is expected to increase. As a result, this puts more pressure on the pipe networks 






cannot always handle the capacity of water and some of it will get discharged out of the 
combined sewer overflow (CSO) into a nearby waterbody.  
CSOs release untreated water containing pathogenic microorganisms, 
suspended solids, and other toxic contaminates into nearby water bodies. Untreated 
discharges represent a health hazard and negatively impact aquatic life and water 
supplies (Ministry of the Environment, Conservation and Parks, 2016). CSOs are 
mandated by the F-5-5 guidelines which is a supporting document for the guideline F-5 
for “levels of treatment for municipal and private sewage treatment works discharging to 
surface water” (Ministry of the Environment, Conservation and Parks, 2016).  
Sanitary sewer systems collect WW and transport it to the treatment facility. They 
are different from combined sewer systems since they are not designed with the 
capacity to carry stormwater. Therefore, occasionally the sanitary systems will release 
raw sewage if the capacity is exceeded and this event is known as a sanitary sewer 
overflow (SSO). These types of overflows can also occur if the WW treatment facility 
has operational problems (United States Environmental Protection Agency, 2018). 
The World Health Organization (WHO) recently reported that approximately two 
billion people worldwide consume feces-contaminated water orally that contains various 
pathogens and causes a variety of gastrointestinal (GI) illnesses (World Health 
Organization, 2019). It is important to monitor the beach water quality regularly to 
ensure swimmers are not exposed to unsafe bacteria levels. Since the beach water 







Beach Water Quality and Monitoring 
Water quality is quantified using fecal indicator bacteria (FIB) as surrogates for 
fecal pathogens. Examples of common FIBs include total coliform, fecal coliform, 
Escherichia coli (E. coli), and enterococci (McPhedran et al., 2013). Pathogens are the 
primary concern since they are disease-causing organisms, however, they are too 
difficult to monitor directly since they are present in low concentrations. The Guidelines 
for Canadian Recreational Water Quality provide information about recreational water 
safety and consider E. coli and Enterococcus to be the most suitable FIB for 
recreational water monitoring (Health Canada, 2012). The levels of FIB present in a 
sample are generally reported as a most probably number (MPN) per 100mL. E. coli is 
a good FIB since it is present in high concentrations in the environment, easy to culture, 
and found in the intestines of humans and other warm-blooded species (Bridle, 2014). 
There are many different strains of E. coli and they are not normally pathogenic so its 
use as an indicator does not give the full picture, however, a strong correlation has been 
shown between E. coli concentration and GI illnesses in swimmers (Dufour, 1984). 
CSOs are known to degrade beach water quality and threaten public health. It is 
estimated that upgrading the CSO systems to separate piping networks would cost 
$40.8 billion in the United States (United States Environmental Protection Agency, 
2016). Therefore, a more practical solution is to implement an end-of-pipe treatment 
such as disinfection to improve the water quality at a lower cost (Eramo et al., 2017).  
Ozone Disinfection 
To remediate beach pollution, several treatment options can be explored such as 






Advanced oxidation processes (AOPs), such as UV and ozone, are more desirable 
since they have greater disinfection capability with less disinfection by-products and 
remove microcontaminants (Cesaro et al., 2013). The mechanism of disinfection for 
ozonation can occur by lipid oxidation and/or damage to the nucleic acid compounds 
(Alexander et al., 2016; Gehr et al., 2003). Whereas, UV treatment damages the cell 
internally by attacking the nucleus and altering the deoxyribonucleic acid (DNA) or 
ribonucleic acid (RNA) (Gehr et al., 2003).  
This project utilizes ozone technology for disinfection. Due to its many benefits, it 
is currently being used in many industries such as water treatment, WW treatment, food 
production, and many others. Its use has been growing in popularity as an economical 
treatment option since it has a high capacity for oxidation of emerging contaminants and 
good disinfection efficiency (Nasuhoglu et al., 2018). It can be produced onsite using 
ambient air and only requires electrical power to operate. Additionally, unlike chlorine or 
acids there is no need to worry about the safety or cost associated with the 
transportation of chemicals (Hajiali and Pirumyan, 2018). 
Methods of Quantification 
 Indicator bacteria, such as E. coli, are typically measured using culture-based 
methods to determine the efficiency of any disinfection treatment. Examples of these 
methods are membrane filtration (MF) and IDEXX Colilert (Ahmed et al., 2012). The 
United States Environmental Protection Agency (US EPA) recommends using the 
IDEXX Colilert method for culture-based quantification of E. coli and total coliform 
following the Standard Method 9223 B (APHA, 1998). All culture-based methods are 






al., 2012). This can be problematic for monitoring beach water quality since bacteria 
levels fluctuate daily and vary depending on the weather as shown by McPhedran et al. 
(2013). Other limitations of culture-based methods include underestimation of bacteria 
present due to viable but non-culturable (VBNC) bacteria (Ahmed et al., 2012).  
 Newer methods of analysis have been developed for detecting waterborne 
microorganisms using culture-independent techniques which are fast, specific, and 
sensitive. These methods do not require the bacteria to be cultured for analysis, instead 
they detect bacteria concentrations based on the sequences of DNA or RNA present in 
the samples. Therefore, processing time is reduced and results can be collected within 
2-4 hours (Ahmed et al., 2012). A culture-independent method such as quantitative real 
time polymerase chain reaction (qRT-PCR) measures the amplification of target genes 
using fluorescent dyes. Commonly used fluorescent dyes for qRT-PCR analysis are 
SYBR green and TaqMan probes. This method of quantification may overestimate 
bacteria present since it counts DNA from viable and nonviable cells (Ahmed et al., 
2012). Fortunately, there have been recent improvements for the qRT-PCR technique 
which introduce a pretreatment DNA-intercalating dye, propidium monoazide (PMA) or 
ethidium monoazide bromide (EMA), prior to extraction to eliminate cells with damaged 
membranes (Lin et al., 2016; Nocker et al., 2007). 
The US EPA has developed a protocol for using qRT-PCR technology to detect 
waterborne microorganisms, however, it is strictly for monitoring purposes (Chern et al., 
2011; Aslan et al., 2015). One limitation to this method is that it is only able to detect 
individual microorganisms, however, a multiplex qPCR can be used to examine groups 






associated technical difficulties with a multiplex qPCR, therefore it is not used as 
frequently. An alternative option with even more benefits is a high density, low volume 
nanofluidic open array (TaqMan® OpenArray®) (Friedrich et al., 2016; Shahraki et al., 
2019). The vast majority of culture-independent protocols developed thus far do not 
incorporate disinfection quantification. When applying disinfection treatment, the 
bacteria cells get altered, therefore, the developed methods do not consider these 
differences (Srinivasan et al., 2011). Culture-independent methods have proven to be 
much faster than traditional culturing methods, however, they still need to be further 
developed for accurate and reliable results.  
Thesis Objectives 
The purpose of this thesis was to determine if ozone is a viable option for 
disinfection of microbial contamination of surface waters, specifically for recreational 
beaches. To evaluate the disinfection efficiency, two quantification methods were 
compared (culture-dependent and culture-independent methods). For Chapter 2, 
culture-independent methods with a single marker (23S rRNAS gene) for E. coli were 
analyzed by DNA, PMA treated DNA (pDNA) and RNA. E. coli was used to develop 
these methods since it is widely used as a fecal indicator for monitoring water quality 
(Health Canada, 2012). 
The objective was to establish a culture-independent (qRT-PCR) RNA-based 
method that can discriminate between live and dead cells after ozone disinfection 
treatment. This method was compared to other culture-independent methods (DNA and 
pDNA) as well as culture-dependent methods (IDEXX Colilert) for two separate ozone 






therefore, it was compared to the other methods to determine how well they are able to 
distinguish viable cells.  
Standard curves were developed for each method and their amplification efficiency 
as well as the coefficient of correlation were analyzed. The dose-response of E. coli was 
compared for all methods and correlated to published literature. There is no clear 
consensus on how well RNA methods compare to the other independent methods for 
quantification after ozone disinfection. Analysis using pDNA has been extensively 
studied, however, there are conflicting reports on its effectiveness which needs more 
clarity. 
For Chapter 3, the methods from the previous chapter were applied to a nanofluidic 
open array comprised of multiple markers to test a mixed culture sample. The primary 
objective was to evaluate the efficacy of ozone treatment for managing microbial beach 
contamination. Fecal contamination caused by CSOs of recreational waters was the 
primary focus. Simulated CSO (sCSO) samples were generated using raw WW as well 
as primary treated WW since Ontario regulations require primary level treatment on 
CSO according to the F-5-5 guidelines (Ministry of the Environment, Conservation and 
Parks, 2016).  
In Chapter 3, the nanofluidic open array was applied to sCSO samples that were 
exposed to varying ozone doses to evaluate the performance of disinfection and 
determine if it is a viable option for bacterial management. The first objective was to 
identify which FIBs, microbial source tracking (MST) markers, and waterborne 
pathogens were detected in the sCSO samples. The second objective was to apply the 






the performance of ozone disinfection and compare it with culture-based methods. To 
do this the sCSO samples were serially diluted to create relative standard curves that 
could be used to determine the log reduction for each ozone dose. The third objective 
was to directly compare all of the detected species at each ozone dose. The WW quality 
parameters such as temperature, UV absorption at 254 nm (UVA254), specific UV 
absorbance (SUVA), dissolved organic carbon (DOC), and total organic carbon (TOC) 
were also analyzed to understand the WW matrix. 
Finally, Chapter 4 summarizes the main conclusions from this study and provides 
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CHAPTER 2: DEVELOPMENT AND COMPARISON OF A QRT-PCR METHOD FOR 
QUANTIFYING OZONE INACTIVATION OF E. COLI 
Introduction 
Since the 1970’s the use of ozone for disinfection treatment of wastewater (WW) 
has been explored. Initially it was not seen as a desirable option compared to ultraviolet 
(UV) and chlorine disinfection since it wasn’t reliable and was expensive to operate and 
maintain. However, more advanced ozonation technology makes it an economical 
option for advanced WW treatment since it is efficient for inactivating viruses, bacteria, 
and other resistant organisms where chlorine and chlorine dioxide are less capable, 
additionally it has a high capacity for oxidation of emerging contaminants (Nasuhoglu et 
al., 2018). The majority of studies using ozone disinfection use clean matrices and 
therefore there is limited literature on disinfection of real WW treatment plant (WWTP) 
effluents (Xu et al., 2002; Gehr et al., 2003; Buffle et al., 2006; Wert et al., 2007, 
Zimmermann et al., 2011).  
 Once ozone is applied to the sample, the oxidation processes can occur through 
direct or indirect pathways. Oxidation through the direct pathway occurs by molecular 
ozone where molecules with high electron density functional groups are attacked. The 
indirect pathway occurs through hydroxyl radicals and reacts primarily with organic 
compounds (Marce et al., 2016). The specific mechanism in which ozone disinfects is 
through the destruction of the cell wall causing the internal cell components to leak out 
and ultimately damage to the nucleic acid occurs (Alexander et al., 2016). The effect of 
ozone can vary depending on the target organism, the ozone concentration, and the 






Culture-dependent analysis of E. coli is currently being used by the United States 
Environmental Protection Agency (US EPA) and Canadian regulatory agencies to 
monitor bacteria levels at beaches (Aslan et al., 2015). Culture-based methods are 
beneficial since they are inexpensive and easy to use, however, it can take 18 to 24 
hours to get results (Ahmed et al., 2012). Another limitation is the underestimation of 
bacteria cells since it cannot detect viable but non-culturable (VBNC) bacteria. It is 
critical to monitor culturable as well as VBNC bacteria since they are still considered to 
be alive with low metabolic activity. When the environmental conditions become optimal 
again the activity can increase causing them to grow and multiply (Lin et al., 2016). 
Since VBNC are not accounted for using this analysis method the risk may be 
underestimated, therefore, culture-independent techniques must be used to get reliable 
results for culturable and VBNC bacteria. Another limitation of  culture-based methods is 
that they are only able to detect total coliforms and E. coli, therefore, it is not specific 
and it provides no information on the source or composition of the bacteria community. 
The US EPA is currently developing a Draft Method C to monitor bacterial levels 
which utilizes culture-independent methods, specifically quantitative real time 
polymerase chain reaction (qRT-PCR) technology. Independent methods are more 
desirable since results can be determined within four hours and all viable cells can be 
accounted for (Ahmed, 2012). Additionally, specific targets and different genes can be 
chosen to analyze different cell functions or organisms. The US EPA is planning on 
using the Draft Method C for quantification of E. coli targeting the 23S gene in DNA, but 






Independent methods using qRT-PCR analysis can be conducted using DNA or 
RNA for quantification. DNA is the most common method for analysis since it is stable 
and easy to work with compared to RNA. However, DNA in dead cells are able to 
persist in stream water for up to 25 days and up to 70 days in soil and as a result DNA 
methods tend to overestimate living bacteria since they cannot differentiate between live 
and dead cells (Haack et al., 2015; Selenska & Klingmüller, 1991). DNA analysis of E. 
coli may be suitable for the US EPA to use for monitoring purposes, however, several 
challenges arise when using DNA after disinfection treatment. Since the bacteria levels 
are evaluated immediately after applying treatment false results may occur. For 
example, after disinfection, DNA from damaged cells could leak out of the cell and float 
in the water sample as environmental DNA (eDNA). In this scenario it would likely be 
counted as a living cell since it is still functional as a qRT-PCR template but is not 
culturable. Therefore, DNA may not accurately distinguish between live and dead 
bacteria after disinfection.  
Since DNA cannot accurately evaluate samples after disinfection, alternative 
methods need to be explored for disinfection quantification. To mitigate this problem, 
DNA-intercalating dyes, such as propidium monoazide (PMA) and ethidium monoazide 
(EMA), can be used to determine the integrity of cell membranes and PMA treated DNA 
is referred to as pDNA (Lin et al., 2016). The dyes enter a compromised bacteria cell 
wall and bind with its double stranded DNA when exposed to light which inhibits its 
amplification by qRT-PCR and therefore, only cells with intact cell membranes will be 
detected (Nocker et al., 2007). Additionally, PMA blocks any eDNA that may be present 






Using these dyes as a pretreatment prior to DNA extraction have proven to be 
effective to evaluate viable bacteria after chemical disinfection processes such as 
chlorine or ozone (Tong et al., 2011; Nocker et al., 2007; Li et al., 2014). In 2006, 
Nocker et al. published a study utilizing PMA in their experiments which showed 
improved detection capabilities of viable cells (Nocker et al., 2006). This dye is 
beneficial when using chlorine, acids, or ozone to disinfect since these treatments 
attack the cell membrane first. However, this dye is not beneficial for UV disinfection 
since the damage is done internally. Gensberger et al. (2014) reported that pDNA had 
greater sensitivity and specificity in detecting E. coli compared to DNA. Another study 
reported that pDNA was an efficient way of measuring bacteria levels after disinfection 
(Lin et al., 2016). Although pDNA is a more specialized and reliable method compared 
to DNA, it has been known to give inaccurate results if the PMA dye enters the 
damaged cell membranes of live microorganisms (Li et al., 2017). 
Several controversial studies have been published since 2006 outlining the 
limitations and inaccurate results using pDNA for analysis. Hellein et al. (2012) claimed 
that the PMA dye penetrated the membranes of damaged and intact cells, especially 
gram-negative bacteria. The results for pDNA are better than DNA on its own for 
disinfection quantification, however, there are still drawbacks and contradictions about 
whether it is helps to quantify only living cells.  
A less explored option for detection and quantification of fecal bacteria in 
environment samples is using RNA, likely due to the difficulty of the method (Pitkanen et 
al., 2013).  In this method, the extracted RNA is transcribed by reverse transcriptase 






life of RNA for E. coli is approximately five minutes, making it a suitable target for 
studying live microorganisms since they will only be detected if they are living (Li et al., 
2017). Utilizing RNA can help overcome the challenges presented with improper 
quantification of the other methods.  
The goal of this research was to establish a qRT-PCR method that can 
discriminate between live and dead E. coli after ozone disinfection treatment. E. coli 
was the selected organism to monitor since it is widely used as a fecal indicator for 
monitoring water quality (Health Canada, 2012). This method was compared to other 
culture-independent methods (DNA and pDNA) as well as culture-dependent methods 
(IDEXX Colilert) since RNA is expected to be a better for detecting only viable bacteria. 
In order to compare the disinfection efficiencies of these methods, two separate 
ozonation experiments were conducted using pure E. coli cultures. For both 
experiments three ozone doses were selected between the range of 0.2 mg/L to 0.7 
mg/L. Standard curves were developed for each method using the 23S gene target and 
their amplification efficiency as well as the coefficient of correlation were analyzed.  
Pitkanen et al. (2013) concluded that there is limited information available 
comparing RNA-based methods with other culture-independent methods (DNA and 
pDNA) and culture-dependent methods (IDEXX Colilert) for the detection of fecal 
bacteria. There is no clear consensus on how well RNA-based methods compare to the 
other methods for quantification after ozone disinfection. Even though pDNA has been 
extensively used in previous studies there are still conflicting reports on its effectiveness 






Materials and Methods 
E. coli Culture 
Six 300-μL glycerol stock vials of E. coli ATCC® 8739TM cells were obtained and 
used to grow single isolated colonies to be used for the experiments. One glycerol stock 
vial was combined with 20 mL of sterile nutrient broth (Becton Dickinson) and incubated 
for 20 hours at 37°C to grow the E. coli. Nutrient broth was combined with 1.5% agar 
and sterilized to make plates for the cultured cells to be streaked on for single isolated 
colonies to grow. For each experiment a single colony from the agar plate was 
inoculated in 40 mL of sterile nutrient broth and incubated at 37°C for 16-24 hours.  
Following incubation, the culture was centrifuged at 4,000 rpm for 20 minutes 
and the supernatant nutrient broth was discarded. Sterile phosphate-buffered saline 
(PBS) was added to the settled cells to suspend them to 20 mL. According to section 
4.3.2. of the US EPA Draft Method C (Aslan et al., 2015), the cell concentration can be 
estimated using UV-vis spectrophotometry. Standard curves were developed by serially 
diluting the cells and were frozen at -20°C until extraction.  
Ozone Exposure Experiments  
Two separate ozone exposure experiments were conducted in a lab batch scale 
to compare the effects of ozone disinfection for pure E. coli cultures. For the ozone 
exposure experiments E. coli cells were diluted in 350 mL of sterile PBS to 8-log cells 
per mL. 
The methods outlined in the indigo colorimetric measurement of ozone and 






ahead of time (APHA, 1988; Rakness et al., 2010). The desired transferred ozone 
doses were calculated using an excel sheet assuming the initial ozone concentration of 
25 mg/L. The absorbance of the blank was measured using UV-Vis spectrophotometry 
at a wavelength of 600 nm by taking 10 mL of indigo reagent-two (RII) and 90mL of 
distilled water. After the ozone was generated, 5 mL of the generated ozone and 45 mL 
of RII was measured at the same wavelength to determine the absorbance of the 
sample. Both of these values determined the actual ozone concentration using the 





(𝐴𝐵𝑆𝑏𝑙𝑎𝑛𝑘 𝑥 𝑇𝑉𝑏𝑙𝑎𝑛𝑘) − 𝐴𝐵𝑆𝑠𝑎𝑚𝑝𝑙𝑒 𝑥 𝑇𝑉𝑠𝑎𝑚𝑝𝑙𝑒
𝑓 𝑥 𝑆𝑉 𝑥 𝑏
 
Where: 
ABSblank = Blank absorbance (cm-1) 
TVblank = Total volume of blank solution (mL) 
ABSsample = Sample absorbance (cm-1) 
TVsample = Total volume of sample (mL) 
f = 0.042 L/mg.cm 
SV = Volume of reacted sample (mL) 
b = Path length of spectrophotometer’s chamber (cm) 
 
After determining the actual ozone concentration, the estimated transferred 
ozone doses were adjusted accordingly. Three different ozone doses were applied for 
both experiments within the range of 0.2 mg/L to 0.7 mg/L. For each sample, 70 mL E. 






all samples was 100 mL so the remaining volume after adding the E. coli suspension 
was a combination of the standard ozone solution and cold sterile distilled water 
(Appendix A).  
Immediately after adding the ozone the jar lids were secured, manually shaken, 
then placed on a stir plate for 10 minutes before sample processing. Following this, 1.75 
mL of each sample was taken for extractions for culture-independent methods. Varma 
et al. (2009) compared direct centrifugation and filtration methods prior to extractions 
and concluded that filtration reduced the cell recovery by approximately 5-fold for pDNA. 
Therefore, centrifugation was used for all of the methods throughout the study. Samples 
being processed for pDNA and RNA were centrifuged at 10,000 rpm for 15 minutes and 
the supernatant was removed. Specific processing information for each extraction type 
is outlined below. The samples for DNA were frozen at -20°C then processed. 
Culture-Dependent Method 
E. coli and total coliform counts can be measured using the US EPA approved 
IDEXX Colilert® method (IDEXX Laboratories Canada Corp, 2017). This is a method of 
culture-dependent analysis since cells must be culturable to be counted. The reagent 
Colilert®-18 and Quanti-Tray®-2000 were used in conjunction with a Quanti-Tray® 
sealer and UV lamp (365 nm). Samples from each dose were collected in triplicate and 
serially diluted with sterile phosphate buffer solution (PBS) into sterile bottles that 
contain sodium thiosulfate. The samples were diluted to ensure the cell count was 
between 1 - 2,419 cells per 100 mL since that is the detection limit for the method. A 
Colilert®-18 reagent packet was added to each sample, transferred to a sterile Quanti-






The total coliform counts were determined by counting the large and small yellow wells 
on each tray. The E. coli counts were determined by counting the large and small 
fluorescent wells under a 365-nm UV light. Using the positive well counts for total 
coliforms and E. coli the most probably number (MPN) per 100mL can be determined 
based on charts provided by IDEXX Laboratories Canada Corporation. 
DNA Extraction 
 The frozen samples were thawed at room temperature, centrifuged at 10,000 
rpm for 15 minutes, and the supernatant was removed. For each sample, 400 μL sterile 
PBS, 500 μL 1-mm sterile glass beads, and 400 μL sucrose lysis buffer (Shahraki et al. 
(2018)) were added. Next, the samples were placed in the Mini-beadbeater-16 (Lab 
Services BV, Nederland) for 40s three times at an intensity of 3,450 oscillations/min to 
break the cell walls. For each sample, 100 μL 1% SDS and 50 μL 20 mg/mL lysozyme 
were added (Sigma-Aldrich, USA). Samples were then incubated overnight on a shaker 
at 37°C and the following day 2 μL of 20 mg/mL proteinase K (Thermo Scientific, USA) 
was added then incubated again overnight on a shaker at 37°C. The next 
morning, 150 μL of digest from each sample was plated in a 96-well extraction plate and 
the proteinase K was deactivated using the PTC-100 Thermal Cycler (Marshall 
Scientific, USA) for 1 hour at 60°C. Following this, the samples were subjected to 
magnetic bead robotic extraction according to Shahraki et al. (2018). Until qRT-PCR 






DNA Extraction with PMA Treatment 
After the supernatant was removed 500 μL of PBS was added. PMA dye was 
diluted in 78 μL of distilled water and 20 μL dimethyl sulfoxide (DMSO) to form a 
working stock solution of 20 mM and 2.5 μL of the PMA was added to each sample. 
Subsequently, the samples were vortexed for five seconds and incubated in the dark, 
covered by aluminum foil, on a rotating shaker for 5 minutes at room temperature. Next, 
the samples were laid horizontally on ice and exposed to a halogen light source, placed 
20 cm above the samples, for 10 minutes. The samples were rotated every two minutes 
to ensure even exposure to heat for PMA binding. The samples were then centrifuged 
at 5000 rpm for 5 minutes and the supernatant was discarded. Next, 1 mL of PBS was 
added to each and the samples were centrifuged at 5000 rpm for 5 minutes. The PBS 
wash was repeated a second time to ensure the dye colour of the PMA was removed 
since it is known to have the potential to inhibit qRT-PCR amplification. After the PBS 
supernatant was removed a second time, 400 μL of PBS was added to each sample 
and it was frozen overnight. The next day the following was added to each sample: 500 
μL 1-mm sterile glass beads, and 400 μL sucrose lysis buffer (Shahraki et al. (2018)). 
The pDNA samples were then processed according to the DNA extraction method 
above starting at the homogenization step using the Mini-beadbeater-16 (Lab Services 
BV, Nederland). 
RNA Extraction 
After the supernatant was removed, 1mL of Trizol (Thermo Scientific, USA) was 
added to each sample and it was stored at -20°C until extractions could be processed. 






1-mm sterile glass beads were added. Next, the cell walls of the samples were broken 
by mechanical disruption by bead-beating using the Mini-beadbeater-16 (Lab Services 
BV, Nederland) for 40s three times at an intensity of 3,450 oscillations/min and placed 
on ice for 5 minutes.  
  Next, the samples were centrifuged at 4°C at 13,000 rpm for 15 minutes. The 
supernatant was transferred into a new 1.7mL tube, 200μL of chloroform was added, 
and each sample was vortexed then put on ice for 5 minutes. Next, the samples were 
centrifuged at 4°C at 13,000 rpm for 15 minutes.  The top transparent layer of each 
sample (approximately 300 µL) was transferred into a new 1.7mL tube without 
disrupting the middle protein layer and equal volumes of isopropanol were added. The 
samples were vortexed and left on a shaker at room temperature for 30 minutes. Next, 
they were centrifuged at 4°C at 13,000 rpm for 15 minutes, the supernatant was 
discarded, and 40 μL of 85% ice cold ethanol was added to each sample. The samples 
were centrifuged at 4°C at 5,000 rpm for 3 minutes and the supernatant was discarded 
without disrupting the pellet. The samples were either stored at -20°C until use or 40 μL 
of 85% ice cold ethanol was added, centrifuged again at 4°C at 5,000 rpm for 3 minutes, 
and the supernatant was discarded. The tubes were inverted for approximately 30 
minutes to allow the ethanol to dry while ensuring the pellet does not dry out. The 
samples were diluted by adding 39 μL of distilled water and 1 μL of RNase inhibitor. 
DNase treatment was performed on each sample in a new 0.2 mL sterile tube using 
DNase I (Amplification Grade), 10X DNase I Reaction Buffer, and 25mM EDTA (pH 8.0) 






 The RNA extracts were synthesized to complementary DNA (cDNA) using the 
High Capacity cDNA Reverse Transcription Kit (Thermo Scientific, USA). A master mix 
was created made up of: 2.0 μL of 10x RT buffer, 0.8 μL 25x dNTP mix, 2.0 μL10x RT 
random primers, 1.0 μL of Multiscribe Reverse Transcriptase, 4.2 μL of nuclease-free 
water, and 10.0 μL of RNA extracts. The thermocycler conditions for cDNA synthesis 
were: an initial step of 25°C for 10 minutes, followed by 37°C for 2 hours, 85°C for 5 
minutes, and 4°C for infinity until samples are removed from the instrument. The cDNA 
samples were then analyzed using the qRT-PCR method.  
qRT-PCR 
For each experiment a new standard curve was developed for each extraction 
type to ensure it was specific to the culture. The standard curve samples were plated 
with the extracts of the exposed samples on a 96-well qRT-PCR plate with a 15-μL 
reaction volume using the 23S primer (Appendix A). To prepare the 96-well plate, a 
master mix was created made up of: 5.7 μL nuclease-free water, 7.5 μL 2x PowerUpTM 
SYBR® Green Master Mix (Applied Biosystems), 0.4 μL of each 10-mM F- and R-
primers, and 1 μL DNA, pDNA or cDNA template. The program for the QuantStudioTM 
12K Flex System (ThermoFisher Scientific) ran an initial step of 95°C for 20s, followed 
by forty cycles of 95°C for 10s, and 60°C for 20s. A negative control of sterile water was 
included in each qRT-PCR experiment. The results were exported and analyzed using 







 All statistical analyses were performed using SPSS Software and the significance 
level was set at α = 0.05. One-way analysis of variance (ANOVA) followed by Tukey’s 
post hoc multiple comparisons test (P < 0.05) were used to determine the differences in 
log reductions for culture-based methods and mean CT values of E. coli at different 
ozone doses for DNA, pDNA, and RNA results to determine if the disinfection treatment 
was significant (Appendix A).  
The results from Tukey’s post hoc multiple comparisons test are labelled on each 
graph, where different letters above the error bars represent significant differences as 
assessed from dose zero to dose one, dose one to dose two, and dose two to dose 
three (Appendix B). In places where there is no letter, there were not enough data 
points for that dose to compare using the post hoc test.  
Results and Discussion 
Culture-Dependent Dose-Response of E. coli 
From previous studies using pure cultures of E. coli, applied ozone doses 
typically range from 0.004 mg/L to 0.85 mg/L (Finch et al., 1988; Czekalski et al., 2016). 
The dose-response of E. coli to ozone disinfection treatment using culture-based 
method (IDEXX Colilert) for the two separate ozone experiments is presented in Figure 
2. For both experiments, the log reduction values are in similar agreement with one 








Figure 1: Average log reductions of E. coli ATCC 8739 by culture-dependent (IDEXX 
Colilert) methods from duplicate analysis as measured in (a) experiment one and (b) 
experiment two. Error bars represent the difference in the average log reduction values 
± range. Different letters above the error bars represent significant differences assessed 
(P < 0.05). 
 The expectation for disinfection treatment is that as the ozone dose increase so 
does the log reduction. This trend can be observed more clearly for the second 
experiment in Figure 2b, as compared to Figure 2a. An increase in log reduction can be 
observed in Figure 2a only up to 0.4 mg/L. After this dose the log reduction value stalls. 
Finch et al. (1988), compared the log reduction values for various ozone doses at 
several contact times. At their highest contact time (120 seconds), they reported a 6-log 
reduction (with a dose of 0.2 mg/L) and a 6.5-log reduction (with a dose of 0.8 mg/L). 
The second dose was four times higher than the first, however, only a 0.5-log difference 
was observed. Whereas, for the smallest contact time they measured (30 seconds), for 
the same ozone doses they reported a 4.4-log reduction and 6-log reduction, which is a 
1.6-log difference. Therefore, it can be concluded that at higher contact times the log 


















































only observed a stall in reduction and did not observe a decline at a higher ozone dose. 
The ozone contact time in this study was 10 minutes which could be a possible 
explanation as to why the log reductions stalls in experiment one for the highest applied 
ozone dose. 
Standard Curves 
Standard curves are scatter plots that are developed for linear regression 
analysis of log10 cells/mL of E. coli (Figure 1). The CT value on the x-axis represents the 
cycle number of the PCR where the fluorescence crosses the threshold and is inversely 
correlated to the logarithmic of the initial copy number (Ahmed et al., 2012). To utilize 
qRT-PCR technology for analysis of unknown samples, a standard curve is critical to 
develop a relationship between CT and the log cell numbers using known samples. 
Standard curves were developed for each type of extraction for the 23S gene 







Figure 2: Standard curves for E. coli ATCC 8739 from triplicate analysis as measured 
by (a) DNA, (b) pDNA, and (c) RNA for the 23S rRNA gene target. Only points included 
in the regression line were plotted. Error bars represent the average CT± range. Some 
error bars are not visible since they are smaller than the markers.  
 
A commonly accepted standard for an optimized qRT-PCR is a value for R2 > 
0.98 showing linearity, an amplification efficiency between 90-105%, and consistency 
across duplicates measured by the CT average ± range (Aslan et al., 2015).  
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All standard curves had nearly perfect linearity (R2 > 0.96) and fell closely within 
the acceptable range. For all of the standards the amplification efficiency was 
determined and estimated using the slope of the standard curve with the following 
equation (Aslan et al., 2015): 





 𝑥 100%  
 
The amplification efficiency for DNA, pDNA, and RNA were 108%, 95%, and 
93%, respectively (Figure 1). Therefore, all the amplification efficiencies fell closely 
within the acceptable range. A possible explanation for values slightly outside the 
acceptable range are inhibitors such as humic substances, proteins/enzymes, alcohols, 
salts and/or acids, which can interfere with qRT-PCR and effect the amplification 
efficiency (Aslan et al., 2015). The consistency across duplicates was determined by 
calculating the average CT ± range of CT values at the dilution which can be observed 
as the error bars in Figure 1.  
It is important to check that a single product was formed by analyzing the melt 
curves and ensuring the CT values were not skewed by additional PCR products. In this 
study, SYBR Green was used as the fluorescent reporter dye for each qRT-PCR assay. 
During the PCR process the dye binds with any double-stranded DNA and produces a 
fluorescent signal that the instrument quantifies. Since the dye is not specific there is a 
chance it may bind to additional PCR products. Therefore, after examining the melt 






Culture-Independent Dose-Response of E. coli 
 As ozone dose increases the expectation is that the CT value will increase since it 
is inversely correlated to cell concentration. RNA should theoretically only detect viable 
cells and therefore it is compared to the detection capabilities of DNA and pDNA. PMA 
dye is used to remove dead cells with damage membranes and eDNA, therefore it is 
expected to give results similar to RNA for viable cells only. If the pDNA results do not 
respond in this manner it is suggestive that the methods are not working as they are 




Figure 3: CT values of E. coli ATCC 8739 by culture-independent methods from 
triplicate analysis as measured in experiment one ((a) DNA, (b) pDNA, and (c) RNA) 
and experiment two ((d) DNA, (e) pDNA, and (f) RNA). Error bars represent the 
difference in the change in CT values ± range. Different letters above the error bars 




























































































The CT values for samples exposed to ozone for experiment one and two for 
DNA were 15-17 and 15-18, respectively. In both experiments all of the applied ozone 
doses were statistically significant to one another.  
The CT values for samples exposed to ozone for experiment one and two for 
pDNA were 17-19 and 17-20, respectively. In both experiments, pDNA had greater CT 
values than DNA or RNA representing a lower cell concentration. In experiment one, the 
pDNA results were similar to that of DNA and in experiment two all methods had similar 
CT values. In experiment one, all of the doses were statistically significant to one 
another except for 0.4 mg/L and 0.7 mg/L. In experiment two, all of the applied ozone 
doses were statistically significant to one another.  
The CT values for samples exposed to ozone for experiment one and two for 
RNA were 11-16 and 15-19, respectively. In experiment one, the CT values are less 
than DNA or pDNA representing a higher cell concentration. In experiment one, all of 
the doses were statistically significant to one another except for 0.2 mg/L and 0.4 mg/L. 
In experiment two, all of the applied ozone doses were statistically significant to one 
another.  
As observed in Tables 1 and 2, the change in CT values as well as average log 
reductions for qRT-PCR methods were calculated using the standard curves and the CT 
value from each sample (Figure 1). RNA should theoretically have greater or equal log 









Table 1: Experiment one results 
  Dose (mg/L) CT Avg ΔCT Log Reduction 
Colilert 
0 - - - 
0.2 - - 4.15 
0.4 - - 4.32 
0.7 - - 4.27 
DNA 
0 15.16 - - 
0.2 15.73 0.57 0.2 
0.4 16.20 1.05 0.33 
0.7 16.63 1.47 0.47 
pDNA 
0 16.82 - - 
0.2 17.47 0.65 0.19 
0.4 18.55 1.73 0.50 
0.7 18.61 1.79 0.52 
RNA 
0 11.24 - - 
0.2 12.45 1.21 0.4 
0.4 12.71 1.47 0.42 
0.7 15.66 4.42 1.27 
 
 
The expectation was that pDNA would have greater log reductions than DNA 
which can be observed at the doses of 0.4 mg/L and 0.7 mg/L (Table 1). These findings 
coincide with the results of previous studies stating that pDNA allows for improved 
detection capabilities of viable cells as compared to DNA (Nocker et al., 2006; 
Gensberger et al., 2014).  
In experiment one, for the culture-independent methods RNA had the greatest 
log reductions at 0.2 mg/L and 0.7 mg/L, however pDNA had the greatest log reduction 
at 0.4 mg/L (Table 1). Since pDNA had a greater log reduction than RNA this could be 
due to PMA dye entering viable cells (especially for gram negative bacteria) and 
inhibiting the amplification of both dead and viable cells leading to greater reductions 
than RNA (Hellein et al., 2012; Li et al., 2017). It should be noted that pDNA only had a 






expectation was that RNA and pDNA would have similar log reductions although at the 
doses of 0.2 mg/L and 0.7 mg/L the results were much different. Since pDNA was not 
similar to RNA at these doses it demonstrates that the pDNA method does not 
consistently represent only viable cells. Previous studies found that RNA-based 
approaches significantly increase detection sensitivity as compared to DNA-based 
approaches (Fey et al., 2004; Gonzalez-Escalona et al., 2009; Pitkanen et al., 2013; Li 
et al., 2017).   
Table 2: Experiment two results 
  Dose (mg/L) CT Avg ΔCT Log Reduction 
Colilert 
0 - - - 
0.2 - - 3.49 
0.4 - - 4.18 
0.5 - -  4.99 
DNA 
0 15.37 - - 
0.2 15.88 0.51 0.16 
0.4 16.65 1.28 0.41 
0.5 17.70 2.33 0.74 
pDNA 
0 16.60 - - 
0.2 18.72 2.12 0.61 
0.4 18.95 2.35 0.68 
0.5 20.43 3.83 1.11 
RNA 
0 15.43 - - 
0.2 13.71 -1.71 -0.49 
0.4 16.28 0.85 0.24 
0.5 18.56 3.13 0.90 
 
In experiment two, pDNA had the greatest log reductions at all of the doses as 
compared to DNA and RNA. A possible explanation for this could be that the dye was 
entering the membranes of viable cells. Lin et al. (2016) reported similar abundances for 
RNA and pDNA results. It should be noted that RNA had a negative log reduction at 0.2 






living cells, therefore the CT value and change in CT should increase, however this was 
not the case. A possible explanation for this could be that at low ozone doses the 
presence of particles have an effect on the RNA extraction method.    
Dependent and Independent Method Comparison 
For all of the doses, the value for average log reduction from Colilert exceeds 
culture-independent methods. It is expected that culture-based methods would show 
greater log reductions as compared to qRT-PCR methods since some bacteria may 
enter a VBNC state under disinfection treatment and would not be detected by culture-
based methods (Lin et al., 2016). As observed Tables 1 and 2, the results of this study 
are in agreement with the literature.  
The trends and log reduction values for both experiments are similar. In Table 1, 
at the highest dose (0.7 mg/L) there is a 4.27-log reduction for Colilert, whereas for all 
culture-independent methods the average log reductions are all less than 1.27. In Table 
2, at the highest dose (0.5 mg/L) there is a 4.99-log reduction for Colilert, whereas for all 
culture-independent methods the average log reductions are all less than 1.11. These 
findings correlate with the results for E. coli from Srinivasan et al. (2011) that had a 2-
log greater average reduction for culture-based methods as compared to DNA. 
Additionally, Lin et al. (2016) reported a 2-log reduction for culture-based methods, a 1-
log reduction for pDNA, and a 0.8-log reduction for RNA. The findings from both of 
these studies correlate with the results in Tables 1 and 2. 
Culture-based methods are only able to detect cells that are able to grow on a 
specific media, whereas culture independent-methods are able to detect culturable as 






bacteria is known to enter a VBNC state when conditions are not favourable it is one of 
the possible explanations behind the discrepancy between culture-based results and 
qRT-PCR results (Ahmed et al., 2012).  
Conclusion 
 The results of this study indicate that qRT-PCR methods are useful and efficient 
tools for evaluating the disinfection efficiency of E. coli and can provide more 
information than culture-based assays. A qRT-PCR method was established using RNA 
and was compared to other culture-independent methods (DNA and pDNA) as well as 
culture-dependent methods (IDEXX Colilert). All standard curves had R2 > 0.96, which 
proves linearity and amplification efficiencies fell closely within the acceptable range for 
an optimized qRT-PCR assay.  
The log reductions for culture-based methods were greater than qRT-PCR 
methods which aligned with the literature. In experiment one, RNA and pDNA had the 
greatest reductions and in experiment two pDNA had the greatest reductions compared 
to the other qRT-PCR methods. This aligns with the findings of Lin et al. (2016), since 
they were less than culture-based reductions but greater than RNA reductions. 
The methods developed in this study worked well for pure E. coli cultures, 
however, applying them to other water samples may raise new challenges. For 
example, WW carries suspended particles, a variety of bacteria, and pathogens which 
may interfere with the disinfection efficiency. The application of these methods need to 
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CHAPTER 3: APPLICATION OF A QRT-PCR METHOD FOR EVALUATION OF 
OZONE TREATMENT OPTIONS TO MANAGE MICROBIAL BEACH 
CONTAMINATION 
Introduction 
The pollution of recreational waters of fecal contamination by pathogens is 
becoming an increasing concern due to rising numbers of gastrointestinal (GI) illnesses 
reported and beach closures which negatively impact recreational activities and the 
economy (e.g. decreased tourism and fishing).  
The infrastructure for sewer systems in most cities has separate networks for 
urban stormwater and sanitary sewage; however, the older areas may have combined 
sewer systems (CSS) which convey stormwater runoff and sanitary wastewater (WW) 
through a single pipe to the wastewater treatment plant (WWTP) (United States 
Environmental Protection Agency, 2018). Over the years, climate change has caused 
extreme weather events which have led to high levels of rain and flooding and as a 
result, more pressure is applied to the pipe networks. The increasing volume may 
exceed the capacity of the network and a combined sewer overflow (CSO) event may 
occur releasing stormwater and sanitary sewage untreated into nearby water bodies 
(Ministry of the Environment, Conservation and Parks, 2016). Separate systems may 
also have capacity exceedance as a result of wet weather events and a sanitary sewer 
overflow (SSO) may occur.  
The untreated water contains pathogenic microorganisms, suspended solids, and 
other toxic contaminates which represent a health hazard and negatively impact aquatic 
life and water supplies (Ministry of the Environment, Conservation and Parks, 2016). 






waters and the number of CSO events are expected to increase each year due to 
climate change.  
CSOs are mandated by the F-5-5 guidelines, which is a supporting document for 
the guideline F-5 for “levels of treatment for municipal and private sewage treatment 
works discharging to surface water”, for areas upstream of recreational waters (Ministry 
of the Environment, Conservation and Parks, 2016). CSOs are required to be treated to 
a minimum of primary treatment or equivalent. To apply this treatment, the CSO effluent 
is collected in a retention treatment basin (RTB) and the solids are settled through 
polymer coagulation. Effluents meet the primary treatment criteria when there are less 
than 1,000 E. coli per 100 mL.  
Common disinfection treatments that can be applied include ozonation, ultraviolet 
(UV) radiation, chlorination, peracetic acid and many others. In recent years’ ozone 
technology has been growing in popularity since it is efficient for inactivating viruses, 
bacteria, and other resistant organisms where chlorine and chlorine dioxide are less 
effective, additionally it has a high capacity for oxidation of emerging contaminants 
(Nasuhoglu et al., 2018). Futhermore, it can be produced onsite using ambient air, it 
doesn’t require transportation of chemicals, and only requires electrical power for 
operation. The disinfection of CSOs is considered to be similar to that WW since the 
primary concern is fecal contamination. Ozonation is a widely accepted disinfection 
treatment option at treatment plants around the world (Alexander et al., 2016; Czekalski 
et al., 2016; Malvestiti & Dantas, 2018; Nasuhoglu et al., 2018). Despite the numerous 






disinfection treatment on CSO effluents, specifically using ozone (Wojtenjo et al., 2001; 
Tondera et al., 2015; Tondera et al., 2016; Eramo et al., 2017).  
To reduce human health risk and improve the economy, bacterial monitoring 
should be enhanced to provide information on human fecal pathogen abundance as 
well as the contamination source and the possibility of implementing disinfection 
treatment should be explored. The gold standard method for pathogen detection is by 
culturing of fecal indicator bacteria (FIBs), such as E. coli. 
These culture-based methods, such as IDEXX Colilert, have been used 
extensively for research over the past 150 years (Shahraki et al., 2019). Colilert is only 
able to detect total coliforms and E. coli, which have been proven to have a poor 
correlation with human fecal pathogens, rendering Colilert ineffective for pathogen 
monitoring (Jang et el., 2017). Pathogens are the primary concern since they are 
disease-causing organisms, however, they are difficult to monitor directly since they are 
present in very small quantities. 
To mitigate these problems, new technological advances such as quantitative 
real time polymerase chain reaction (qRT-PCR) technology are more advantageous due 
to increased sensitivity and reduced processing time (Shahraki et al., 2019). The US 
EPA is currently developing a Draft Method C to monitor bacterial levels which utilizes 
qRT-PCR for E. coli targeting the 23S gene in DNA (Aslan et al., 2015). This type of 
analysis is superior to culture-based methods since sample processing time is much 
shorter, culturable and viable but non-culturable (VBNC) bacteria are accounted for, and 
it allows for testing of a variety of organisms, gene targets and ribonucleic acid (RNA) or 






US EPA to use for monitoring purposes, however, several challenges arise when using 
DNA after disinfection treatment since the bacteria levels are evaluated immediately 
after application so inaccurate results may occur. For example, after disinfection, DNA 
from damaged cells could leak out of the cell and float in the water sample as 
environmental DNA (eDNA). In this scenario it would likely be counted as a living cell 
since it is still viable but is not culturable. DNA methods have been known to 
overestimate the number of bacteria since they cannot differentiate between live and 
dead cells which is problematic for quantifying the disinfection efficiency (Li et al., 2017).  
Since DNA cannot be used to accurately evaluate samples after disinfection, 
DNA-intercalating dyes, such as propidium monoazide (PMA) and ethidium monoazide 
(EMA), can be used to determine the integrity of cell membranes and DNA treated with 
PMA can be referred to as pDNA (Lin et al., 2016). The dyes enter a compromised 
bacteria cell wall and bind with its double stranded DNA when exposed to light which 
inhibits its amplification by qRT-PCR and therefore, only intact cell membranes will be 
detected (Nocker et al., 2007). Additionally, PMA eliminates any eDNA that may be 
present in the sample.  
These dyes have proven to be effective for evaluating viable bacteria for 
disinfection processes that cause damage to the cell wall allowing the dye to enter but 
are not effective for treatments such as UV disinfection since the damage is done 
internally (Tong et al., 2011; Nocker et al., 2007; Li et al., 2014). The results from 
Chapter 2 and several other studies have reported that pDNA had greater sensitivity 
and specificity in detecting E. coli compared to DNA (Gensberger et al., 2014; Lin et al., 






penetrated the membranes of damaged and intact cells (Hellein et al., 2012; Li et al., 
2017). Two studies have observed no reductions in qRT-PCR signals after applying the 
dyes to untreated and treated WW samples (Varma et al., 2009; Srinivasan et al., 
2011). There is still uncertainty whether it is due to the turbidity of the matrix reducing 
the photolysis of the dye binding to DNA or if it is the VBNC cells present in the treated 
samples (Srinivasan et al., 2011). For samples with matrices made up of gram-negative 
and gram-positive bacteria pDNA had reduced effectiveness, making it less desirable 
for WW samples that are complex in nature (Pan & Breidt, 2007; Varma et al., 2009; 
Løvdal et al., 2011; Elizaquivel et al., 2012). Due to the controversial studies is it 
unclear whether or not PMA dye truly helps quantify only living cells.  
A less explored option for detection and quantification of fecal bacteria in 
environment samples is using RNA since it is more difficult to work with (Pitkanen, 
2013). The half-life of RNA for E. coli in the environment is approximately five minutes, 
making it a suitable target for studying live microorganisms since it will only be detected 
if they are living (Li et al, 2017). Utilizing RNA can help overcome the challenges 
presented with improper quantification of the other methods.  
One limitation to the qRT-PCR method is that it is only able to detect individual 
targets. To study the effectiveness of disinfection, simultaneous evaluation of multiple 
commonly found pathogenic organisms is desirable. Attempts to do so using a multiplex 
qPCR have not been fully successful due to many associated technical difficulties. A 
new and alternative approach using a high density, low volume nanofluidic open array 
(TaqMan® OpenArray®) allows for sensitive detection of multiple targets (Friedrich et al., 






validate a nanofluidic open array for rapid and simultaneous monitoring of FIBs, 
microbial source tracking (MST) markers and waterborne pathogens in a variety of 
samples including sewage, beach sand, and samples from the environment. E. coli may 
not be a good indicator for pathogens since it can come from human sources as well as 
the environment, whereas pathogens have difficulty persisting in the environment. 
Therefore, direct monitoring of the waterborne pathogens is desirable. 
The previous chapter showed that DNA has limited capability of quantifying 
disinfection efficiency and that pDNA and RNA are better options that should be further 
investigated. The current study examined the effect of ozonation on simulated CSO 
(sCSO) samples. The effect was evaluated using both culture-dependent and culture-
independent methods. For culture-independent methods DNA, pDNA, and RNA were 
analyzed.  For the simultaneous detection and comparison of the effect of disinfection 
on FIBs, MST markers, and waterborne pathogens, the nanofluidic open array was 
used with all three culture-independent methods.  
The WW quality parameters were analyzed for the sample matrix since they are 
known to affect the disinfection efficiency of bacteria (Lin et al., 2016). Therefore, 
several quality parameters were measured in this study including: temperature, 
ultraviolet absorption at 254 nm (UVA254), total organic carbon (TOC), dissolved organic 
carbon (DOC), and specific UVA (SUVA) (Appendix B). It is important to measure these 
parameters for comparison with future studies. 
This research was undertaken to explore the use of ozone treatment on sCSO 
samples to quantify the disinfection efficiency as a viable option for bacterial 






waterborne pathogens were detected. The second objective was to compare the dose-
response of RNA with other independent methods (DNA and pDNA). A third objective 
was to analyze the dose-response of E. coli 23S comparing qRT-PCR and culture-
based methods for WW and pure culture samples. The fourth objective was to directly 
compare all targets at each dose to determine which organisms are more resistant to 
the disinfection.  
Materials and Methods 
Target selection, primer design, and validation for the nanofluidic open array are 
described in Shahraki et al. (2019). A combination of existing and new primers and 
probes were used for FIB detection, single-copy virulence genes were used for 
pathogen detection, and several 16S rRNA sequences were used for MST markers of 
fecal pollution (Appendix B).  
Sample Preparation 
 Artificial CSO samples were generated for this study using approximately 1-L of 
raw and primary WW effluent from the Little River Pollution Control Plant (LRPCP) 
located in Windsor, ON, Canada. To generate the simulated CSO samples, the WW 
was diluted 50:50 with a combination of sterile distilled water and ozone solution 
(Appendix B). There were three separate experiments were conducted for each dose for 
DNA and pDNA and two separate experiments were conducted for RNA. Prior to 
disinfection treatment, each sample was stirred in a jar with a stir bar for 15 minutes to 






Ozone Exposure Experiments  
Two separate ozone exposure experiments were conducted in a lab batch scale, 
one for raw WW and the other for primary treated WW. Following the indigo colorimetric 
measurement of ozone and standard methods, indigo reagent stock solutions were 
prepared ahead of time (APHA, 1988; Rakness et al., 2010). The desired transferred 
ozone doses were calculated using an excel sheet assuming the initial ozone 
concentration of 25 mg/L. The absorbance of the blank was measured using UV-Vis 
spectrophotometry at a wavelength of 600 nm by taking 10 mL of indigo reagent-two 
(RII) and 90mL of distilled water. After the ozone was generated, 5 mL of the generated 
ozone and 45 mL of RII was measured at the same wavelength to determine the 
absorbance of the sample. Both of these values determined the actual ozone 





(𝐴𝐵𝑆𝑏𝑙𝑎𝑛𝑘 𝑥 𝑇𝑉𝑏𝑙𝑎𝑛𝑘) − 𝐴𝐵𝑆𝑠𝑎𝑚𝑝𝑙𝑒 𝑥 𝑇𝑉𝑠𝑎𝑚𝑝𝑙𝑒
𝑓 𝑥 𝑆𝑉 𝑥 𝑏
 
Where: 
ABSblank = Blank absorbance (cm-1) 
TVblank = Total volume of blank solution (mL) 
ABSsample = Sample absorbance (cm-1) 
TVsample = Total volume of sample (mL) 
f = 0.042 L/mg.cm 
SV = Volume of reacted sample (mL) 







After determining the actual ozone concentration, the estimated transferred 
ozone doses were adjusted accordingly. Three different ozone doses were applied to 
raw and primary WW within the range 3.4 mg/L to 11.8 mg/L.  
Immediately after adding the ozone the jar lids were secured, manually shaken, 
then placed on a stir plate for 10 minutes before sample processing. Following this, 1.75 
mL of each sample was taken for extractions for culture-independent methods. 
Additionally, samples of raw and primary WW were taken and serially diluted up to 3-
logs to create standard curves for each extraction method. Centrifugation was reported 
to provide a better cell recovery as compared to filtration, especially for pDNA methods 
(Varma et al., 2009). Therefore, centrifugation was used for all of the methods 
throughout the study. The pDNA and RNA samples were centrifuged at 10,000 rpm for 
15 minutes and the supernatant was removed. Specific processing information for each 
method is outlined below. The DNA samples were frozen at -20°C then processed. 
Culture-Dependent Method 
E. coli and total coliform counts can be measured using the US EPA approved 
IDEXX Colilert® method (IDEXX Laboratories Canada Corp, 2017). This is a method of 
culture-dependent analysis since cells must be culturable to be counted. The reagent 
Colilert®-18 and Quanti-Tray®-2000 were used in conjunction with a Quanti-Tray® 
sealer and UV lamp (365 nm). Samples from each dose were collected in triplicate and 
serially diluted with sterile phosphate buffer solution (PBS) into sterile bottles that 
contain sodium thiosulfate. The samples were diluted to ensure the cell count was 
between 1 – 2,419 cells / 100 mL since that is the detection limit for the method. A 






Tray®-2000, and sealed. Next, the samples were incubated for 18 to 22 hours at 37ºC. 
The total coliform counts were determined by counting the large and small yellow wells 
on each tray. The E. coli counts were determined by counting the large and small 
fluorescent wells under a 365-nm UV light. Using the positive well counts for total 
coliforms and E. coli the most probably number (MPN) per 100mL can be determined 
based on charts provided by IDEXX Laboratories Canada Corporation. 
DNA Extraction 
 The frozen samples were thawed at room temperature, centrifuged at 10,000 
rpm for 15 minutes, and the supernatant was removed. For each sample, 400 μL sterile 
PBS, 500 μL 1-mm sterile glass beads, and 400 μL sucrose lysis buffer (Shahraki et al. 
(2018)) were added. Next, the samples were placed in the Mini-beadbeater-16 (Lab 
Services BV, Nederland) for 40s three times at an intensity of 3,450 oscillations/min to 
break the cell walls. For each sample, 100 μL 1% SDS and 50 μL 20 mg/mL lysozyme 
were added (Sigma-Aldrich, USA) and incubated overnight on a shaker at 37°C. The 
following day, 2 μL of 20 mg/mL proteinase K (Thermo Scientific, USA) was added and 
the samples were incubated again overnight on a shaker at 37°C. Next, 150 μL of digest 
from each sample was plated in a 96-well extraction plate and using the PTC-100 
Thermal Cycler (Marshall Scientific, USA) for 1 hour at 60°C the proteinase K was 
deactivated. Following this, the samples were exposed to magnetic bead robotic 
extraction according to Shahraki et al. (2018) and frozen at -20°C until qRT-PCR 






DNA Extraction with PMA Treatment 
After the supernatant was removed 500 μL of PBS was added. PMA dye was 
diluted in 78 μL of distilled water and 20 μL dimethyl sulfoxide (DMSO) to form a 
working stock solution of 20 mM and 2.5 μL of the PMA dye was added to each sample. 
Subsequently, the samples were vortexed for five seconds and incubated in the dark, 
covered by aluminum foil, on a rotating shaker for 5 minutes at room temperature. Next, 
the samples were laid horizontally on ice and expose to a halogen light source, placed 
20 cm above the samples, for 10 minutes. The samples were rotated every two minutes 
to ensure even exposure to heat for PMA binding. The samples were then centrifuged 
at 5000 rpm for 5 minutes and the supernatant was discarded. Next, 1 mL of PBS was 
added to each and the samples were centrifuged at 5000 rpm for 5 minutes. The PBS 
wash was repeated a second time to ensure the dye colour of the PMA was removed 
since it is known to have the potential to inhibit qRT-PCR amplification. After the PBS 
supernatant was removed a second time, 400 μL of PBS was added to each sample 
and it was frozen overnight. The next day the following was added to each sample: 500 
μL 1-mm sterile glass beads, and 400 μL sucrose lysis buffer (Shahraki et al. (2018)). 
The pDNA samples were then processed according to the DNA extraction method 
above starting at the homogenization step using the Mini-beadbeater-16 (Lab Services 
BV, Nederland). 
RNA Extraction 
After the supernatant was removed, 1mL of Trizol (Thermo Scientific, USA) was 
added to each sample and it was stored at -20°C until extractions could be processed. 






1-mm sterile glass beads were added. Next, the cell walls of the samples were broken 
by mechanical disruption by bead-beating using the Mini-beadbeater-16 (Lab Services 
BV, Nederland) for 40s three times at an intensity of 3,450 oscillations/min and placed 
on ice for 5 minutes.  
  Next, the samples were centrifuged at 4°C at 13,000 rpm for 15 minutes. The 
supernatant was transferred into a new 1.7mL tube, 200μL of chloroform was added, 
and each sample was vortexed then put on ice for 5 minutes. Next, the samples were 
centrifuged at 4°C at 13,000 rpm for 15 minutes.  The top transparent layer of each 
sample (approximately 300 µL) was transferred into a new 1.7mL tube without 
disrupting the middle protein layer and equal volumes of isopropanol were added. The 
samples were vortexed and left on a shaker at room temperature for 30 minutes. Next, 
they were centrifuged at 4°C at 13,000 rpm for 15 minutes, the supernatant was 
discarded, and 40 μL of 85% ice cold ethanol was added to each sample. The samples 
were centrifuged at 4°C at 5,000 rpm for 3 minutes and the supernatant was discarded 
without disrupting the pellet. The samples were either stored at -20°C until use or 40 μL 
of 85% ice cold ethanol was added, centrifuged again at 4°C at 5,000 rpm for 3 minutes, 
and the supernatant was discarded. The tubes were inverted for approximately 30 
minutes to allow the ethanol to dry while ensuring the pellet does not dry out. The 
samples were diluted by adding 39 μL of distilled water and 1 μL of RNase inhibitor. 
DNase treatment was performed on each sample in a new 0.2 mL sterile tube using 
DNase I (Amplification Grade), 10X DNase I Reaction Buffer, and 25mM EDTA (pH 8.0) 






 The RNA extracts were synthesized to complementary DNA (cDNA) using the 
High Capacity cDNA Reverse Transcription Kit (Thermo Scientific, USA). A master mix 
was created made up of: 2.0 μL of 10x RT buffer, 0.8 μL 25x dNTP mix, 2.0 μL10x RT 
random primers, 1.0 μL of Multiscribe Reverse Transcriptase, 4.2 μL of nuclease-free 
water, and 10.0 μL of RNA extracts. The Thermocycler conditions for cDNA synthesis 
were: an initial step of 25°C for 10 minutes, followed by 37°C for 2 hours, 85°C for 5 
minutes, and 4°C for infinity until samples are removed from the instrument. The cDNA 
samples were then analyzed using the nanofluidic open array.  
Nanofluidic Open Array 
 Each sample was placed on the open array once, however the open array 
analyzes it as two technical replicates. The DNA and pDNA extracts as well as cDNA 
samples (2.5 μL) were combined with 2.5 μL of TaqMan® Open Array® Real-Time PCR 
Master Mix (Applied BiosystemsTM) and loaded on the Open Array® using the 
QuantiStudio 12K Flex Accufill System (Applied BiosystemsTM, USA). Next, the samples 
were analyzed using the QuantStudio 12K Flex Real-Time PCR System (Applied 
Biosystems, USA) using the following program: 95ºC for 3 min for denaturation, 40 
cycles for amplification, 95ºC for 10 s for denaturation, annealing/extension at 60ºC for 
10s (Shahraki et al., 2019).  
Wastewater Quality Parameters 
The WW quality parameters for this study were measured within 24 hours after 
the experiment was conducted (Appendix B). The temperature was measured using a 






samples (through a 0.45 μm polyethersulfone (PES) filter) using the Varian Cary 50 
UV/Visible Spectrophotometer according to the procedure outlined in Standard 
Methods, Part 5910 B, Ultraviolet Absorption Method (APHA, 1998). The TOC was 
measured for filtered samples (through a 100 μm nylon mesh) using the Shimadzu 
TOC-VCSH Total Organic Analyzer using the non-purgeable organic carbon (NPOC). 
The DOC was measured for filtered samples (through a 0.45 μm PES filter) using the 
Shimadzu TOC-VCSH Total Organic Analyzer using the non-purgeable organic carbon 
(NPOC) method. The values for UVA254 and DOC for each sample were used to 
calculate the corresponding SUVA. 
Statistical Analysis 
All statistical analyses were performed using SPSS Software and the significance 
level was set at α = 0.05. One-way analysis of variance (ANOVA) followed by Tukey’s 
post hoc multiple comparisons test (P < 0.05) were used to determine the differences in 
log reductions for culture-based methods and mean CT values of target organisms at 
different ozone doses for DNA, pDNA and RNA results to determine if the disinfection 
treatment was significant (Appendix B).  
The results from Tukey’s post hoc multiple comparisons test are labelled on each 
graph where different letters above the error bars represent significant differences as 
assessed from dose zero to dose one, dose one to dose two, and dose two to dose 
three (Appendix B). In places where there is no letter, there was not enough data points 






Results and Discussion 
Wastewater Quality Parameters 
 It is critical to know the composition of WW effluent before disinfection since it 
can affect the stability of ozone and the efficiency of the treatment.  
 
Temperature is an important parameter to measure especially when using 
ozonation for disinfection because it is one of the factors that affect the chemicals 
stability. As the temperature increases the ozone depletion rate also increases (Singh et 
al., 2015). A strong correlation was found between the decrease in UVA with ozone 
consumption and micropollutant removal (Bahr et al., 2007). For raw and primary WW, 
the UVA254 value decreased with each increasing dose indicating that more ozone was 
consumed. SUVA is a good parameter to monitor since it indicates the biodegradability 
of organic matter in the matrix. All SUVA values from the samples in this study were 
less than 2 L/mg-m indicating that the organic matter had low hydrophobicity and 
molecular weight (Singh et al., 2015). Additional important parameters are TOC and 
DOC to get an idea of the amount of organic carbon present.  
 
Table 3: Wastewater quality parameters 
  
TOD DOC TOC UVA254 SUVA 
mg/L mg/L % change mg/L % change cm-1 % decrease L/mg-m 
Raw 
0 13.21   26.01   0.220   1.67 
3.4 14.92 -0.129 31.4 -0.207 0.202 0.09 1.53 
6.8 16.93 -0.282 29.07 -0.118 0.29 0.14 1.43 
10.2 18.6 -0.408 34.94 -0.343 0.139 0.4 1.05 
Primary 
0 12.45   34.53   0.200   1.61 
3.9 11.53 0.074 29.84 0.136 0.143 0.29 1.14 
7.8 16.97 -0.363 36.43 -0.055 0.112 0.44 0.90 






Culture-Dependent Dose-Response of E. coli 
 
Figure 4: Average log reductions of E. coli 23S by culture-dependent (IDEXX Colilert) 
methods from triplicate analysis as measured in (a) raw wastewater and (b) primary 
wastewater. Error bars represent the difference in the average log reduction values ± 
range. Different letters above the error bars represent significant differences assessed 
(P < 0.05). 
 
The ozone doses applied to WW were much higher than the ones applied to the 
pure E. coli culture in Chapter 2 since WW has a more complex matrix (Figures 2 and 
4). However, it is important to note that the average log reduction value for all doses for 
Colilert in Chapter 2 for a pure culture was 4.4, whereas the average log reduction value 
for Colilert for WW is 1.72 for all doses. Therefore, they are much lower for WW 
samples as compared to pure cultures. As observed in Figure 4, the results for raw and 













































Nanofluidic Open Array Detected Targets 
The nanofluidic open array is able to detect and quantify two fecal indicator 
bacteria, seven contaminant sources (MSTs), and fifteen human pathogens (Appendix 
B). As observed in Table 4, for raw and primary WW several different species targets 
were detected depending on the type of analysis. In all methods the Bacteroides and E. 
coli 23S targets were detected. This is as expected for WW samples since Bacteroides 
are a human indicator and E. coli is a fecal indicator. In all methods a strain typically 
found in the GI tract of goose (the 16S rRNA sequence for Bacteroides) was detected 
which means Canadian geese are a contaminating source. A. hydrophilia, a human 
virulent pathogen was detected in raw and primary WW for DNA and pDNA methods.  
 







DNA Bacteroides, E. coli 23S, Goose, A. hydrophilia 
pDNA Bacteroides, Goose, A. hydrophilia 
RNA Bacteroides, E. coli 23S, Goose 
Primary 
DNA Bacteroides, E. coli 23S, Goose, A. hydrophilia 
pDNA Bacteroides, Goose, A. hydrophilia 
RNA Bacteroides, E. coli 23S, Goose 
 
 Since raw and primary treated WW samples were tested, human markers should 
be detected. Some human markers included on the array were not detected in the 
samples analyzed in this study. A possible explanation for this could be that the 
methods need further development to improve detection capabilities since Shahraki et 






Standard Curves  
Both raw and primary WW were serially diluted in duplicate up to 3-logs to create 
standard curves for each target detected. The standard curves are plotted as change in 
CT values versus log10 dilutions (Figures 5, 7, 9 and 11) and as CT values versus log10 
dilutions (Appendix B). The purpose of this was to be able to quantify the log reduction 
since the initial value of cells for each species target is unknown, except for E. coli 23S 
from the Colilert results.  
Culture-Independent Dose-Response of Targets 
The expectation was that the log reductions for RNA would be comparable with 
pDNA and be much greater than DNA. This is due to the fact that DNA is known to 
overestimate living bacteria since it cannot differentiate between viable and dead cells, 
particularly after disinfection. Since RNA is the true representative of viable cells it is 
compared to DNA and pDNA results. 
 For raw and primary WW all the detected species had negative log reductions for 
either DNA or RNA methods at low ozone doses. A possible explanation for this could 
be that at low ozone doses the presence of particles have an effect on the extraction 
methods.   
 No direct comparison could be made with previously published literature since 
the nanofluidic open array used in this study is very complex and unique compared to 
other arrays of its kind. Shahraki et al. (2019), designed and tested this array using DNA 
extracts from a variety of environmental and fecal samples, however, it was never 
applied to quantifiy disinfection efficiency and compared to other methods such as 






E. coli 23S 
The log reduction values for culture-dependent methods (Figure 4) and culture-
independent methods (Table 5) can only be compared for E. coli 23S since it is the only 
FIB that Colilert is able to quantify. From Chapter 2, Colilert had an average 3.5-log 
reduction greater than qRT-PCR methods for both experiments. The results in Figure 4 
and Table 5 indicate that Colilert had an average 0.93-log reduction greater than qRT-
PCR methods. Therefore, this demonstrates that the log reduction values for culture-
dependent and culture-independent methods are better correlated to one another for 
WW samples as opposed to pure cultures.  
Table 5: E. coli 23S results 
Wastewater Method Dose (mg/L) CT Avg ΔCT Log Reduction 
Raw 
DNA 
0 23.34 - - 
3.4 25.81 2.47 0.36 
6.8 29.13 5.79 0.83 
10.2 29.19 5.84 0.84 
RNA 
0 27.8 - - 
3.4 26.87 -0.96 -0.32 
6.8 28.61 0.78 0.26 
10.2 32.14 4.31 1.45 
Primary 
DNA 
0 25.41 - - 
3.9 25.47 0.06 0.02 
7.8 29.16 3.75 1.55 
11.8 29.49 4.08 1.69 
RNA 
0 25.56 - - 
3.9 24.28 -1.27 -0.40 
7.8 29.94 4.38 1.37 
11.8 31.35 5.80 1.81 
  
 The E. coli 23S target was only detected by DNA and RNA methods in the WW 
dilutions (Figure 5), therefore the log reduction values for pDNA could not be 






WW can be observed in Table 5. It can be observed that the log removal increases as 
ozone dose increases for both methods which is as expected, except for the values for 
RNA at a dose of 3.4 mg/L and 3.9 mg/L which are negative.  
The expectation was that RNA would have a greater log reduction than DNA at 
all ozone doses and this can be observed for the highest doses for both raw (10.2 mg/L) 
and primary WW (11.8 mg/L). However, DNA has a greater log reduction at a dose of 
6.8 mg/L (+0.57-log) and 7.8 mg/L (+0.18-log) than RNA. Although DNA has a slightly 
greater log reduction at these doses the results are still quite similar. RNA may not be 
demonstrating greater reductions of viable cells if the samples got degraded during 
extractions or during the DNA contamination removal step.  
The log reductions for primary WW are greater than raw WW for all ozone doses 
which meets the expectation that the disinfection treatment is more efficient in a cleaner 
matrix. At the dose of 6.8 mg/L and 7.8 mg/L, DNA had log reductions of 0.83 and 1.55, 
respectively. Similarly, at the highest doses (10.2 mg/L and 11.8 mg/L) RNA had 








Figure 5: E. coli (a) raw standard curve (b) primary standard curve. Error bars 
represent the average ± range.  
 
As observed in Figure 6, the CT values for samples exposed to ozone for raw 
WW were 23-29 and 28-32 for DNA and RNA, respectively. The CT values for samples 
exposed to ozone for primary WW were 25-29 and 26-31 for DNA and RNA, 
respectively. Significant differences with DNA analysis were observed between 0 mg/L, 
3.4 mg/L and 6.8 mg/L for raw WW and 3.9 mg/L and 7.8 mg/L for primary WW. 
Significant differences with RNA analysis were only observed between 6.8 mg/L and 





















































Figure 6: E. coli 23S CT values for raw wastewater for (a) DNA and (b) RNA and for 
primary wastewater for (c) DNA and (d) RNA. Values reported are the average ± range 
from duplicate analysis from three sets of experiments for DNA and two sets of 
experiments for RNA. No error bars are shown for data points with one observation. 




























































 The Bacteroides target was detected by all methods in the WW dilutions, as 
shown in Figure 7 and Appendix B, which were used to develop standard curves and 
determine the log reductions. The log reduction for raw and primary WW can be 
observed in Table 6. 
 
 
Figure 7: Bacteroides (a) raw standard curve (b) primary standard curve. Error bars 
represent the average ± range.  
 
As observed in Figure 8, the CT values for samples exposed to ozone for raw 
WW were 23-27, 22-29, and 19-23 for DNA, pDNA, and RNA, respectively. The CT 
values for samples exposed to ozone for primary WW were 22-26, 22-29, and 18-22 for 
DNA, pDNA, and RNA, respectively. Significant differences with DNA analysis were 
observed between 3.4 mg/L, 6.8 mg/L and 10.2 mg/L for raw WW and 3.9 mg/L, 7.8 
mg/L, and 11.8 mg/L for primary WW. Significant differences with pDNA analysis were 
observed between all doses for raw WW and 3.9 mg/L, 7.8 mg/L, and 11.8 mg/L for 
primary WW. Significant differences with RNA analysis were observed between 0 mg/L 
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and 6.8 mg/L and 3.4 mg/L and 10.2 mg/L for raw WW and 3.9 mg/L, 7.8 mg/L, and 
11.8 mg/L for primary WW.   
 
 
Figure 8: Bacteroides CT values for raw wastewater for (a) DNA, (b) pDNA, (c) RNA, 
and primary wastewater for (d) DNA, (e) pDNA, and (f) RNA. Values reported are the 
average ± range from duplicate analysis from three sets of experiments for DNA and 
pDNA and two sets of experiments for RNA. Different letters above the error bars 
represent significant differences assessed (P < 0.05). 
Similar trends in log reduction can be observed in raw and primary WW for each 
method for Bacterioides (Table 6). The greatest log reduction values at all doses for raw 
and primary WW come from pDNA. The expectation was that RNA would have the 
greatest reduction and be similar to pDNA, however, pDNA is consistently greater. 
Although it is a minimal difference these results do not align with the expectations. A 
possible explanation for pDNA having greater log reductions is if the PMA dye is 



















































































2012; Li et al., 2017). Since the effectiveness of PMA dye is unclear based on previous 
findings, these results may not be truly representative of viable cells (Hellein et al., 
2012; Li et al., 2017). Another possible explanation is that the RNA extracts may have 
been degraded during the DNase treatment since it contains high levels of MgCl2, 
especially if it was incubated at a higher temperature or longer duration than specified in 
the protocol (ThermoFisher, USA). The expectation was that DNA would have the 
smallest reduction in cells and this can be observed for raw and primary WW.  
Table 6: Bacteroides results 
Wastewater Method Dose (mg/L) CT Avg ΔCT Log Reduction 
Raw 
DNA 
0 22.61 - - 
3.4 23.12 0.51 0.14 
6.8 25.15 2.53 0.73 
10.2 26.80 4.19 1.21 
pDNA 
0 22.28 - - 
3.4 25.08 2.81 0.68 
6.8 27.00 4.73 1.15 
10.2 29.45 7.18 1.74 
RNA 
0 18.77 - - 
3.4 20.24 1.47 0.42 
6.8 21.24 2.47 0.7 
10.2 23.42 4.65 1.33 
Primary 
DNA 
0 22.11 - - 
3.9 21.31 -0.80 -0.22 
7.8 24.17 2.06 0.57 
11.8 26.43 4.32 1.20 
pDNA 
0 21.74 - - 
3.9 22.42 0.68 0.15 
7.8 25.42 3.68 0.79 
11.8 29.01 7.27 1.56 
RNA 
0 17.66 - - 
3.9 17.56 -0.10 -0.02 
7.8 20.72 3.06 0.7 







The expectation was that the log reduction should be similar for raw and primary 
WW or it should greater for primary WW since ozone would be more effective with a 
less complex matrix. Similar reductions were observed at the highest ozone doses 
applied to raw WW for DNA (1.21-log reduction), pDNA (1.74-log reduction), and RNA 
(1.33 log reduction) and primary WW for DNA (1.20-log reduction), pDNA (1.56-log 
reduction), and RNA (1.11 log reduction). 
Goose 
The Goose target was detected by all methods in the WW dilutions, as shown in 
Figure 9 and Appendix B, which were used to develop standard curves and determine 




Figure 9: Goose (a) raw standard curve (b) primary standard curve. Error bars 
represent the average ± range.  
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The CT values for samples exposed to ozone for raw WW were 23-28, 23-32, 
and 20-25 for DNA, pDNA, and RNA, respectively. The CT values for samples exposed 
to ozone for primary WW were 23-28, 23-31, and 19-23 for DNA, pDNA, and RNA, 
respectively. Significant differences for raw WW with DNA analysis were observed 
between 3.4 mg/L, 6.8 mg/L and 10.2 mg/L and 3.9 mg/L, 7.8 mg/L, and 11.8 mg/L for 
primary WW. Significant differences for raw WW with pDNA analysis were observed for 
all doses and 3.9 mg/L, 7.8 mg/L, and 11.8 mg/L for primary WW. Significant 
differences for raw WW with RNA analysis were observed for 0 mg/L with 6.8 mg/L and 
10.2 mg/L and for primary WW for 3.9 mg/L, 7.8 mg/L, and 11.8 mg/L. 
 
 
Figure 10: Goose CT values for raw wastewater for (a) DNA, (b) pDNA, and (c) RNA 
and for primary wastewater for (d) DNA, (e) pDNA, and (f) RNA. Values reported are 
the average ± range from duplicate analysis from three sets of experiments for DNA and 
pDNA and two sets of experiments for RNA. Different letters above the error bars 





















































































The log reduction for goose for raw and primary WW can be observed in Table 7. 
All qRT-PCR methods have an increasing log reduction value as the ozone dose 
increases, which meets the expectations. At the dose of 3.9 mg/L, DNA and RNA 
results are negative possibly signifying that the presence of particles have an effect on 
extraction methods. 
Table 7: Goose results 
Wastewater Method Dose (mg/L) CT Avg ΔCT Log Reduction 
Raw 
DNA 
0 23.22 - - 
3.4 23.63 0.41 0.09 
6.8 26.07 2.85 0.65 
10.2 28.33 5.11 1.17 
pDNA 
0 22.81 - - 
3.4 25.77 2.96 0.50 
6.8 28.23 5.41 0.91 
10.2 32.35 9.53 1.61 
RNA 
0 19.70 - - 
3.4 21.09 1.39 0.39 
6.8 22.29 2.59 0.72 
10.2 24.55 4.84 1.35 
Primary 
DNA 
0 23.07 - - 
3.9 22.49 -0.58 -0.12 
7.8 25.49 2.42 0.49 
11.8 28.18 5.12 1.05 
pDNA 
0 22.65 - - 
3.9 23.68 1.03 0.32 
7.8 27.01 4.36 1.37 
11.8 31.19 8.54 2.69 
RNA 
0 18.54 - - 
3.9 18.43 -0.11 -0.03 
7.8 22.13 3.59 0.85 
11.8 23.44 4.90 1.16 
 
The expectation was that RNA would have a greater log reduction than DNA and 
greater or similar to pDNA at all ozone doses. For all doses, pDNA has greater 






11.8 mg/L, pDNA had a log reduction value (2.69-log) more than double that of RNA 
(1.16-log). This variation could once again be due to RNA degradation during 
processing or PMA dye entering viable cells.  
For pDNA, the log reductions are greater for primary WW as compared to raw 
WW for the two highest doses and for RNA the log reductions are similar for both WW 
types. These results align with the expectations. For DNA the log reduction values are 
greater for raw WW as compared to primary WW, however, there is less than a 0.2-log 
discrepancy, so this is not concerning since these results are from a single experiment.  
A. hydrophilia 
The A. hydrophilia target was detected by DNA in the raw WW dilutions and by 
pDNA in the primary WW dilutions, as shown in Figure 11 and Appendix B. These 
values were used to develop standard curves and determine the log reductions. The log 
reduction for raw and primary WW can be observed in Table 8. The WW dilutions were 
only detected for DNA for raw WW and only for pDNA for primary WW. However, ozone 
exposed samples were detected by DNA and pDNA for both WW types. Since both 
methods had similar CT values for every dose of the ozone exposed samples, it was 
assumed that the WW dilution standard curves would be similar and each standard 








Figure 11: A. hydrophilia (a) raw standard curve (b) primary standard curve. Error bars 
represent the average ± range.  
The CT values for samples exposed to ozone for raw WW were 26-29 and 26-34 
for DNA and pDNA, respectively. The CT values for samples exposed to ozone for 
primary WW were 27-30 and 26-31 for DNA and pDNA, respectively. Significant 
differences for raw WW with DNA analysis were only observed between 3.4 mg/L and 
6.8 mg/L and for primary WW between 3.9 mg/L and 7.8 mg/L. Significant differences 
for raw WW with pDNA analysis were only observed between 0 mg/L and 3.4 mg/L and 








































Figure 12: A. hydrophilia CT values for raw wastewater for (a) DNA and (b) pDNA and 
for primary wastewater for (c) DNA and (d) pDNA. Values reported are the average ± 
range from duplicate analysis from three sets of experiments for DNA and pDNA. 
Different letters above the error bars represent significant differences assessed (P < 
0.05).  
The inactivation for A. hydrophilia for raw and primary WW can be observed in 
Table 8. Since DNA is known to overestimate the number of viable cells, PMA dye is 
used to give a better representation of truly viable cells by eliminating cells with 


































































pDNA would have a greater log reduction than DNA for each dose. The trends from 
these results correlate with the expectations. 
Table 8: A. hydrophilia results 
Wastewater Method Dose (mg/L) CT Avg ΔCT Log Reduction 
Raw 
DNA 
0 25.76 - - 
3.4 26.72 0.96 0.24 
6.8 28.77 3.01 0.75 
10.2 28.79 3.03 0.75 
pDNA 
0 25.50 - - 
3.4 28.36 2.85 0.7 
6.8 29.57 4.07 1.01 
10.2 33.75 8.25 2.05 
Primary 
DNA 
0 27.50 - - 
3.9 26.90 -0.60 -0.13 
7.8 30.07 2.57 0.57 
11.8 30.42 2.92 0.65 
pDNA 
0 26.39 - - 
3.9 27.62 2.33 0.27 
7.8 29.72 3.33 0.74 
11.8 31.41 5.02 1.12 
  
 The results for DNA demonstrate that ozone is equally as effective for 
disinfection in both raw and primary WW since the highest ozone doses demonstrated a 
0.75-log reduction and 0.65-log reduction, respectively. The reduction values were 
greater in raw WW as compared to primary WW for pDNA which does not align with the 
expectation that the reduction values should be similar or greater for primary WW. At 
the highest doses for raw and primary WW the pDNA had a 2.05-log reduction and 
1.12-log reduction, respectively.  
Since pathogens are present in low concentrations, they are difficult to detect 
and monitor. Therefore, it is possible that there may be errors associated with the 






Raw WW Summary 
 Organisms with a lower log reduction value are considered to be more resistant 
as compared to organisms with high reduction values. At an ozone dose of 3.4 mg/L all 
of the organisms demonstrate a 0.7-log reduction or less signifying that this dose is not 
strong enough for removal. At an ozone dose of 6.8 mg/L the organisms demonstrate a 
1.15-log reduction or less which shows that the ozone dose is not directly correlated 
with log reduction since the dose was doubled and the log reduction did not. For a dose 
of 10.2 mg/L, A. hydrophilia appeared to be the most resistant for DNA, the 16S rRNA 
target for Bacteroides (goose) was the most resistant for pDNA, and Bacterioides was 
the most resistant for RNA. Therefore, there is no clear consensus on which organism is 
the most resistant out of all of the ones detected in this study. 
For DNA there does not appear to be any trend for the resistance of organisms 
since the log value differences vary between doses. For pDNA, goose appears to be the 
most resistant organism at all doses and A. hydrophilia appears to be the least 
resistant. The results for RNA show that Bacterioides and goose have similar log 













Table 9: Raw wastewater log reduction summary 
Method Dose (mg/L) Bacteroides E. coli 23S Goose A. hydrophilia 
DNA 
3.4 0.14 0.36 0.09 0.24 
6.8 0.73 0.83 0.65 0.75 
10.2 1.21 0.84 1.17 0.75 
pDNA 
3.4 0.68 - 0.50 0.7 
6.8 1.15 - 0.91 1.01 
10.2 1.74 - 1.61 2.05 
RNA 
3.4 0.42 -0.32 0.39 - 
6.8 0.7 0.26 0.72 - 
10.2 1.33 1.45 1.35 - 
 
Primary WW Summary 
Organisms with a lower log reduction value are considered to be more resistant 
to the disinfection treatment. The negative log reduction values for DNA and RNA at 3.9 
mg/L could signify that the presence of particles may have an effect on the extraction 
methods. The organisms that appear to be the least resistant for each qRT-PCR 
method show a consistent trend across all doses. For DNA analysis, it appears that E. 
coli 23S is the least resistant compared to the other organisms since it has greater log 
reduction values at all doses. For pDNA analysis, goose demonstrates the least 
resistance at all doses and A. hydrophilia appears to be the most resistant. For RNA 
analysis, E. coli 23S is the least resistant and Bacterioides are the most resistant. 
Similar to the raw WW in Table 9, there is no clear consensus on which organism is the 










Table 10: Primary wastewater log reduction summary 
Method Dose (mg/L) Bacteroides E. coli 23S Goose A. hydrophilia 
DNA 
3.9 -0.22 0.02 -0.12 -0.13 
7.8 0.57 1.55 0.49 0.57 
11.8 1.20 1.69 1.05 0.65 
pDNA 
3.9 0.15 - 0.32 0.27 
7.8 0.79 - 1.37 0.74 
11.8 1.56 - 2.69 1.12 
RNA 
3.9 -0.02 -0.40 -0.03 - 
7.8 0.7 1.37 0.85 - 
11.8 1.11 1.81 1.16 - 
Conclusion 
 The results from this study did not detect as many FIBs, MST markers or 
pathogens as Shahraki, et al. (2019). A possible explanation for this could be that the 
methods need to be further developed to increase detection capabilities, therefore a 
recommendation would be to optimization the procedure. 
Since WW was used in this study it is expected that the results will not always 
meet the expectations due to the complex matrices and variation between samples. It 
would be difficult to ensure each 100 mL sCSO sample had the same initial number of 
bacteria and pathogens present as well as the same WW matrix (e.g. organics, humic 
acids, etc.). Variation in sample matrices could be a possible explanation for cases 
where raw WW had greater log reductions than primary WW since theoretically it should 
be the opposite.  
It is difficult to conclude the effectiveness of PMA dye for ozone exposed 
samples since it worked well in some cases (showing better responses than DNA) and 
not well in others (greater responses than RNA which suggests the dye entered living 






recommended that the experiment be repeated. Based on the results from this study, it 
appears that the methods and their application need more work to improve the detection 
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CHAPTER 4: CONCLUSIONS 
 
Fecal pollution, specifically pathogens, is a serious risk to human health as well 
as the environment. To protect the public who swim at local beaches, regulatory 
agencies post advisories when the acceptable levels for bacterial counts are exceeded. 
Despite these efforts, bacteria levels are known to frequently fluctuate, therefore, this 
makes monitoring difficult and human health remains at risk.  
The major threat to water quality comes from point sources, such as combined 
sewer overflows (CSO) that carry both stormwater runoff and untreated sewage, which 
are released into nearby waterbodies carrying pathogenic microorganisms, suspended 
solids, and other toxic contaminants. These overflows occur during wet weather events 
since the infrastructure cannot handle the increasingly large volume. The number of 
CSO events per year is expected to increase due to climate change therefore, it is 
critical that a solution be implemented. The research in this thesis utilized ozonation as 
a disinfectant for CSOs to mitigate the negative effects associated with fecal pollution. 
In Chapter 2, a qRT-PCR RNA-based method was developed and compared to 
other culture-independent methods (DNA and PMA treated DNA (pDNA)). The pDNA 
and RNA showed to be similar to one another and have greater log reductions than 
DNA. The log reductions for culture-based methods were greater than qRT-PCR 
methods which aligned with the literature. Colilert results had approximately a 4-log 
greater reduction as compared to qRT-PCR methods.  
The methods developed in Chapter 2 were tested in Chapter 3 on simulated 
CSO (sCSO) samples (50 mL WW, 50 mL a combination of ozone solution and cold 






sewage. In this study, raw and primary treated sCSO samples were analyzed since the 
F-5-5 guidelines describe the minimum level of treatment required to be primary for 
disinfection. For raw and primary wastewater (WW), four different targets were detected 
using the nanofluidic open array. The detected targets were a fecal indicator (E. coli 
23S), a universal target (Bacterioides), a microbial source tracking (MST) marker (16S 
rRNA sequence for host-specific Bacteroides for goose), and a pathogen (A. 
hydrophilia). Since the results of this study did not detect as many targets as Shahraki, 
et al. (2019) this suggests that the methods still need further refinement.  
 For each target detected the results were compared for DNA, pDNA and RNA. 
For Bacteroides, pDNA gave greater reduction values than the other independent 
methods and the reduction for raw and primary WW were similar. For E. coli, DNA and 
RNA methods fluctuated in greater log removal for each dose and primary reductions 
were greater than that of raw WW. For the goose marker, pDNA once again had greater 
log reductions than the other two independent methods and raw WW reductions were 
similar to primary WW. For A. hydrophilia, DNA had a greater log reduction than pDNA 
and raw WW had greater reductions than primary WW. It is difficult to conclude the 
effectiveness of PMA dye for ozone exposed samples since it gave mixed results.  
 There was no clear consensus about which target was more resistant from the 
four that were detected in this study. A. hydrophilia was the most resistant in raw WW 
for DNA and primary WW for DNA and pDNA, Bacteroides were the most resistant in  
raw WW for RNA, and goose was the most resistant in raw WW for pDNA. 
 When comparing the culture-based results with culture-independent methods it 






for analysis of pure E. coli cultures as opposed to WW. In Chapter 2, there was a 3.5-
log difference between Colilert and qRT-PCR methods, whereas, in Chapter 3, all of the 
values are within 0.93-log of one another. The applied ozone doses demonstrated 
significant differences using ANOVA analysis, therefore ozone can be considered to be 
an effective treatment option for CSOs to reduce fecal pollution. 
Recommendations for Future Work 
 A recommendation for future studies would be to continue to develop the 
methods used in this study to reduce the variation in results between experiments. One 
way of doing this would be to use TaqMan instead of SYBR Green for qRT-PCR 
analysis since it is more specific. For pure culture studies it would be beneficial to 
repeat the experiment a few more times and analyze each sample in triplicate. Since a 
pure culture is used there are no other varying factors and the results should be 
reproducible.  
 A recommendation for future studies analyzing WW with the nanofluidic open 
array would be to increase the initial sample volume to enhance detection. To improve 
the findings from this study and meet the theoretical expectations it is recommended 
that the experiment be repeated to reduce the variation in results. Based on the results 
from this study, it appears that the methods and their application need more work to 
improve the detection and sensitivity capabilities. It may be beneficial for future studies 
to test samples from non-point sources of fecal pollution such as stormwater runoff to 
get a broader understanding of the issue. Additionally, it would be interesting to see how 
other disinfection treatments work in comparison to ozone on the nanofluidic open 






sequencing technology since it allows for rapid analysis of entire communities to 
determine the impacts of ozonation. This would provide even more useful information 
than qRT-PCR technology regarding resistant indicators and pathogens to ozone 
treatment. A final recommendation could be to implement the ozone disinfection at a 
retention treatment basin (RTB). Beach water samples could be monitored before and 
after treatment to see if the disinfection helps to reduce fecal pollution downstream at 
recreational beaches and reduce human health risk.  
In conclusion, ozonation proved to be an effective disinfection treatment for CSO 
effluents in reducing microbial pollution. Nanofluidic open arrays provide many added 
benefits as compared to traditional culture-based methods which will allow for close to 
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Appendix A: Supplementary Information for Chapter 2 
 
Table 11: Sample configuration for experiment one 
Sample No. 1 2 3 4 
Ozone Dose (mg/L) 0 0.3 0.4 0.7 
Volume of E. coli + PBS (mL) 70 70 70 70 
Volume of Ozone (mL) 0 0.84 1.7 3.4 
Volume of cold sterile water (mL) 30 29.16 28.3 26.6 
Total volume (mL) 100 100 100 100 
 
 
Table 12: Sample configuration for experiment two 
Sample No. 1 2 3 4 
Ozone Dose (mg/L) 0 0.2 0.4 0.5 
Volume of E. coli + PBS (mL) 70 70 70 70 
Volume of Ozone (mL) 0 0.85 1.75 2.5 
Volume of cold sterile water (mL) 30 29.15 28.25 27.5 
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Figure 13: Melt curves for experiment one for (a) DNA, (b) pDNA, and (c) RNA as well 




Table 14: SPSS results for Colilert 
Experiment One Experiment Two 



































































































































Table 15: SPSS results for experiment one 
DNA pDNA RNA 







2 0.000 2 0.000 2 0.000 







2 0.000 2 0.000 2 0.777 







1 0.000 1 0.000 1 0.777 







1 0.000 1 0.000 1 0.000 




Table 16: SPSS results for experiment two 
DNA pDNA RNA 







2 0.000 2 0.000 2 0.000 







2 0.000 2 0.011 2 0.000 







1 0.000 1 0.011 1 0.000 







1 0.000 1 0.000 1 0.000 















Table 17: DNA results from experiment one 
Dose (mg/L) Ct  St Dev Ct Avg avg log cells del CT log red.  
0 
15.092 


















Table 18: pDNA results from experiment one 
Dose (mg/L) Ct  St Dev Ct Avg avg log cells del CT log red.  
0 
16.733 





























Table 19: RNA results from experiment one 
Dose (mg/L) Ct  St Dev Ct Avg avg log cells del CT log red.  
0 
11.223 


















Table 20: DNA results from experiment two 
Dose (mg/L) Ct  St Dev Ct Avg avg log cells del CT log red.  
0 
15.373 





























Table 21: pDNA results from experiment two 
Dose (mg/L) Ct  St Dev Ct Avg avg log cells del CT log red.  
0 
16.604 


















Table 22: RNA results from experiment two 
Dose (mg/L) Ct  St Dev Ct Avg avg log cells del CT log red.  
0 
15.354 





























Appendix B: Supplementary Information for Chapter 3 
 




Table 24: Sample configuration for raw wastewater samples 
Sample No. 0 1 2 3 
Ozone Dose (mg/L) 0 3.4 6.8 10.2 
Volume of wastewater (mL) 50 50 50 50 
Volume of Ozone (mL) 0 15 30 45 
Volume of cold sterile water (mL) 50 35 20 5 




Table 25: Sample configuration for primary wastewater samples 
Sample No. 0 1 2 3 
Ozone Dose (mg/L) 0 3.9 7.8 11.8 
Volume of wastewater (mL) 50 50 50 50 
Volume of Ozone (mL) 0 15 30 45 
Volume of cold sterile water (mL) 50 35 20 5 













Cold H20 12.35 
Raw WW 18.6 
Primary WW 17.1 
Readings 10 
minutes after ozone 
applied 
Raw (0 mg/L) 16.79 
Raw (3.4 mg/L) 17.24 
Raw (6.8 mg/L) 16.82 






Table 26: OpenArray gene targets 





Methanobrevibacter smithii nifH 90 Human 




Bacteroides dorei  16S 85 Human 
Enterococcus spp. 23S 91 
Fecal 
indicators 
E.coli uidA 70 
Fecal 
indicators 
E.coli  23S 85 
Fecal 
indicators 
Bacterioides 16S 90 Universal for all 
Dog A3 16S 91 Dog 
Catellicoccus marimammalium 16S 83 Seagull 
Bacterioides sp. clone CGOF52 16 70 Goose 
Cow cluster_TB147_cluster 151 16S 90 Cow 
Pig Bacterioides Cluster 1, PigA4, 
Fpc59 
16S 81 Pig 
Salmonella typhimorium invA 88 
Pathogens 
Campylobacter coli  glyA 89 
















































Shigella sonnei ipaH 64 
Campylobacter jejuni  hipo 83 
Staphylococcus aureus GyrA 67 













Table 27: SPSS results for Colilert  
Raw Wastewater Primary Wastewater 















2 0.008 2 0.006 
 
Table 28: SPSS results for raw wastewater for E. coli 23S 
DNA RNA 





2 0.000 2 0.894 





2 0.001 2 0.432 





1 0.001 1 0.432 





1 0.000 1 0.002 







Table 29: SPSS results for raw wastewater for Bacteroides 
DNA pDNA RNA 







2 0.000 2 0.000 2 0.003 







2 0.000 2 0.004 2 0.310 







1 0.000 1 0.004 1 0.310 







1 0.000 1 0.000 1 0.000 




Table 30: SPSS results for raw wastewater for goose 
DNA pDNA RNA 







2 0.000 2 0.000 2 0.007 







2 0.000 2 0.013 2 0.276 







1 0.000 1 0.013 1 0.276 







1 0.000 1 0.000 1 0.001 















Table 31: SPSS results for raw wastewater for A. hydrophilia 
DNA pDNA 





2 0.000 2 0.000 





2 0.001 2 0.051 





1 0.001 1 0.051 





1 0.002 1 - 




Table 32: SPSS results for primary wastewater for E. coli 23S 
DNA RNA 





2 0.000 2 0.007 





2 0.000 2 0.001 





1 0.000 1 0.001 





1 - 1 0.000 















Table 33: SPSS results for primary wastewater for Bacteroides 
DNA pDNA RNA 







2 0.000 2 0.000 2 0.000 







2 0.000 2 0.001 2 0.000 







1 0.000 1 0.001 1 0.000 







1 0.000 1 0.000 1 0.000 




Table 34: SPSS results for primary wastewater for goose 
DNA pDNA RNA 







2 0.000 2 0.000 2 0.000 







2 0.000 2 0.000 2 0.000 







1 0.000 1 0.000 1 0.000 







1 0.000 1 0.000 1 0.000 














Table 35: SPSS results for primary wastewater for A. hydrophlia 
DNA pDNA 





2 0.000 2 0.000 





2 0.000 2 0.005 





1 0.000 1 0.005 





1 - 1 - 










Figure 14: Standard curves for raw WW for (a) Bacterioides, (b) E. coli 23S, (c) goose, 
and (d) A. hydrophilia. 
y = 3.4612x + 19.115
R² = 0.9997
y = 4.1149x + 18.726
R² = 0.9463

















y = 6.9418x + 16.402
R² = 1


















y = 4.3495x + 18.465
R² = 0.9744
y = 5.9165x + 17.053
R² = 0.9979



































Figure 15: Standard curves for primary WW for (a) Bacterioides, (b) E. coli 23S, (c) 










y = 3.611x + 18.685
R² = 0.9924
y = 4.6524x + 17.427
R² = 0.9843


















y = 2.4148x + 23.446
R² = 0.905


















y = 4.8977x + 17.991
R² = 0.9961
y = 3.1743x + 20.002
R² = 0.9242









































Table 36: Bacterioides DNA results for raw wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 22.66 















































Table 37: Bacterioide pDNA results for raw wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 23.25 















































Table 38: Bacterioides RNA resutls for raw wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 19.496 















































Table 39: Goose DNA results from raw wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 23.345 















































Table 40: Goose pDNA results for raw wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 23.583 















































Table 41: Goose RNA results for raw wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 20.667 















































Table 42: A. hydrophilia DNA results for raw wastewater 
Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
26.461 















































Table 43: A. hydrophilia pDNA results for raw wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 26.1 















































Table 44: E. coli 23S DNA results from raw wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 25.048 















































Table 45: E. coli 23S RNA results for raw wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 29.421 















































Table 46: Bacterioides DNA results for primary wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 22.745 















































Table 47: Bacterioides pDNA results for primary wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 22.801 















































Table 48: Bacterioides RNA results for primary wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 17.855 















































Table 49: Goose DNA results for primary wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 23.513 















































Table 50: Goose pDNA results for primary wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 23.856 















































Table 51: Goose RNA results for primary wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 18.802 




















Table 52: E. coli 23S DNA results for primary wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 25.792 



























Table 53: E. coli 23S RNA results for primary wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 26.574 




















Table 54: A. hydrophilia DNA results for primary wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 28.549 





























Table 55: A. hydrophilia pDNA results for primary wastewater 
Dose  Ct Std Dev Ct Avg Log Cells Avg Delta CT Log Reduction 
0 27.894 
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